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Investigation at Low Gas Pressure of an Intermediate Frequency Discharge 
Occurring Between High Frequency and Low Audio Frequency Discharges 


N. A. Popov AND N. A. KAPTSOV 
Moscow State University 
(Submitted to JETP editor November 15, 1954) 
J. Exptl. Theoret. Phys. (U.S.S.R.) 30, 68-76 (January, 1956) 


An experimental investigation was made of the lower frequency limit at which high- 
frequency discharge can occur in tubes filled with hydrogen, neon, or krypton at a pres- 
sure of several mm. mercury. It was found that high-frequency discharges and discharges 
at low audio frequencies are separated by an intermediate frequency region within which 
the discharge exhibited properties commom to both types of discharge; the lower limit 
of the transition region is several hundred cycles. The time dependence of the drop in 
emission intensity of the discharge plasma ducts the de-ionization of hydrogen and kryp- 
ton was obtained, and it was shown that with increasing frequency the duration of the 
de-ionization phenomenon is a principal factor in the transformation of the a-c discharge 
into a high-frequency discharge. 


1, INTRODUCTION 


HE purpose of our investigation was to deter- 
mine at what frequencies the discharge typical 


high-frequency discharges have noted that the ig- 
nition voltage drops sharply at frequencies above 
10°-10° cycles, but all indicated that the ignition 


oflow audio frequencies stops and the high-fre- 
quency discharge begins, and to explain what 
elementary processes play a principal role in the 
transformation from the low-audio-fre quency dis- 
charge to the high-frequency one. 

It is known that the glow of a 50-cycle electric 
discharge produced in a rarefied gas is seen by 
the eye as two simultaneous d-c discharges with 
overlapping cathode and anode portions; in this 
case the discharge arc is ignited and extinguished 
within the same half cycle. If the frequency of the 
voltage applied to the low-pressure gas-discharge 
tube is 100 kc and above, the discharge glows 
continuously and there is no overlap of the cath- 
ode and anode portions!"*. Investigators of 


: N. A. Kaptsov, Electric Phenomena in Gases and 
in Vacuum, Conrecueadar! Moscow-Leningr ad, 1950, 


2 FE, Hiedemann, Ann. Physik. 85, 649 (1928); 2, 221 
(1929). 


3 E, Hiedemann, Phys. Rev. 37, 978 (1931). 
4 J, J. Thomson, Phil. Mag. 23, 1 (1937). 
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voltage is independent of frequency below 10° 
cycles®-®. No detailed experimental investigation 
of an a-c discharge at frequencies below 10° 
cycles but above 50 cycles has been made up to 
now*. 

The distr ibution function of the electrons in 
high-frequency and commercial-fre quency dis- 
charges was analyzed theoretically by Margenau 
and Hartman’-8, It follows from their work that 
the distribution function for electrons in a dis- 
charge is continuous over a frequency range from 
zero (d-c discharge) to several megacycles (high - 
frequency discharge). If this be so, there should 


* Note added in proof: With the exception of a recently 
published article by G. Francis, Proc. Phys. Soc. (Lon- 
don B68, 137 (1955). 

5 [,. Rohde, Ann. Physik 12, 569 (1932). 

6 H. Bocker. , Archiv Elektrotech. 31, H. 3, 1937. 

7 H. Margenau, Phys. Rev. 73, 297 (1948). 

8 H. Margenau and L. Hartman, Phys. Rev. 73, 309 
(1948). 
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be a smooth transition between both types of dis- 
charge (commercial-and high-frequency) as the 
frequency is varied in either direction. 

Restricting ourselves to low pressure, we shall 
from now on call a high-frequency discharge any 
discharge occurring in a tube operating at any 
radio frequency, provided first, that the alternation 
of the applied voltagecausesno observable flicker 
in the intensity of the discharge, and second, 
that the character of the ignition and glow of the 
discharge remain the same when either internal 
or external electrodes are used. We shall cal! an 
a-c discharge one occurring in atube operating at 
audio frequencies, provided first that the intensity 
of the discharge changes noticeably with the vol- 
tage alternations, and second that the type of elec- 
trodes used (external or internal) affects subst an- 
tially the character of the ignition and glow of the 
discharge. 

The frequency dependence of the ignition and 
glow of an a-c discharge in tubes with external 
electrodes was studied by us with the aid of oscil- 
lographs of the discharge emission’. It was es- 
tablished in that investigation that at low fre quen- 
cies individual flashes of a nonself-maintaining 
discharge occur in tubes with external electrodes. 
Such unstable discharges can be changed into or- 
dinary stable ones by increasing the fre quency, or 
by increasing the voltage across the electrodes. 
At frequencies of several tens of kilocycles the 
discharge ignition and glow characteristics become 


9N. A. Kaptsov and N. A. Popov, J. Exptl. Theoret. 
Phys. (U.S.S.R.) 27, 97 (1954). 


practically the same for internal and external elec- 
trodes and thus, in this respect, the discharge be- 
haves like a high-frequency one. 


2. EXPERIMENTAL PROCEDURE 


In this work, which is a continuation of the earlier 
investigation’, we employed a further modification 
of the older method of oscillographing the discharge 
emission, adapted from the work by Huxford and 
Platt} and by Beese??. 

The principle diagram of the experimental setup 
is given in Fig. 1. The audio-frequency source 
was the same as in Ref. 9, as were the methods 
of measuring the current and voltage. The light 
from the central portion of the discharge tube was 
made to pass through lens L and semi-transparent 
antimony-cesium cathode of electrostatically elec- 
tron-focussed photomultiplier FEU-19. Voltage was 
applied to the plates of the photomultiplier through 
a voltage divider, connected to a stabilized recti- 
fier with a smoothly variable output voltage. The 
output current of the photomultiplier was monitored 
with a microammeter and recorded with an F.0-4 
oscillograph. A DNE-lcapacitativevoltage divider 
and another EQ-4 oscillograph were used to moni- 
tor the waveform of the voltage across the discharge 
tube. A systematic check showed the voltage wave 
form to be sinusoidal in all the experiments. All 
the set-up elements, including the photomultiplier 


‘OW. Huxford and J. Platt, J. Opt. Soc. Am. 37, 10 
(1947). 


11 N.S. Beese, J. Opt. Soc .Am. 36, 555 (1946), 
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and the discharge tube, were thoroughly shielded 
to prevent interference. Shield E was made of tin 
and the outer braid of the shielded conductors 
was grounded. 

To investigate the emission of a pulsed dis- 
charge, we assembled another variant of the experi- 
mental setup, in which the source of voltage was 
a rectangular pulse generator (Fig .2). The circuit 
of this generator was adapted by us from one de- 
scribed in an article by Gavrilov '®. With the aid 
of two TG-8/3000 thyratrons and two artificial 
lines, this generator formed two identical rectang- 
ular voltage pulses from each positive sinusoidal 
half-cycle of the Voltage fed to the thyratrons from 
the rectifier, which in turn employed VG-129 gas- 
filled diodes. The time interval between these two 
rectangular pulses could be varied with two phase 
shifters. 

The artificial lines were made up of ten meshes 
each and formed pulses of 20 microsecond dura- 
tion. A noninductive resistance, equal to the 
characteristic impedance of the line (600 ohms), 
was connected in parallel with the discharge tube, 

he voltage on the discharge tube was measured 
with a VIK-1 pulse voltmeter. Type E:0-6 oscil- 
lographs with driven sweep were used. The peak 
working voltage of the pulse was 800. 

According to our preliminary assumptions, the 
duration of the de-ioni zation of the gas, occuring 
in the discharge tube at the instant of voltage 
polarity reversal. is of great importance in the 


12S. N, Gavrilov, Dokl. Akad. Nauk SSSR 71, 265 
(1950). 


transformation of the a-c discharge into a high-fre- 
quency discharge with increasing frequency. We 
therefore filled the discharge tubes with hydrogen, 
neon, and krypton. Hydrogen is the lightest gas 
and furthermore is a molecular one, and the de-ioni- 
zation phenomenon in hydrogen was thoroughly 
studied by Gavrilov!2. From the work of Ardonova 
it is known!® that the de-ionization rate in neon is 
noticeably different from that of krypton. 

The hydrogen was obtained electrolytically, and 
was then purified of all possible organic impurities 
water vapor, and oxygen. The mercury vapor was 
frozen out with liquid nitrogen. A spectral check 
showed the absence of other gases from the hydro- 
gen-filled tubes. Neon and krypton were obtained 
in glass flasks from theAll- Union Electrotechnical 
Institute. 

The discharge was investigated both in sealed- 
off discharge tubes as well as in tubes joined to 
the setup. After degassing, the tube was filled 
with hydrogen and a glow discharge lasting not 
less than one hour was started. The hydrogen was 
then removed, the tube again degassed and refilled 
with the investigated gas, and the discharge re- 
started in the fresh gas. This conditioning proce- 
dure was carried out again for not less than an hour | 
and only then was the tube sealed off (or the dis- 
charge studied with the tube attached). The obser- 
vations covered the central portion of the discharge 
in symmetrical tubes with internal nickel electrodes. 
The spacing between electrodes was 300-400 mm, 


Be i Ardonova, J. Exptl. Theoret. Phys. (U.S.S.R. ) 
22, 981 (1952). 
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and the internal diameter of the tube was 25 mm. 

A series capacitor is connected in the input of 
the vertical amplifier of the EO-4 oscillograph. 
This means that the oscillograph screen shows only 
the a-c component of any periodic process that con- 
tains both d-c and a-c components. Therefore, in 
order to observe the total photoelectric current on 
the oscillograph screen, the light emitted by the 
discharge tube and incident on the photomultiplier 
cathode is interrupted by disk D, rotated by electric 
motor M (Fig. 1). The disk has four symmetrical 
equally-spaced openings of equal size. 

This method permitted determining what portion 
of the total photoelectric current is the ac compo- 
nent and what portion is the d-c component. 


3. RESULTS OF OBSERVATIONS 


Figure 3 shows a series of photocell-current os- 
cillograms of an a-c discharge in hydrogen. The 


first three oscillograms were taken with the disk sta- 


tionary and with the light passing directly through 
the lens to the photomultiplier cathode (Figs. 3a-c). 
The remaining oscillograms were taken with the disk 
rotating and with the oscillograph sweep synchro- 
nized with the frequency at which the light was in- 
terrupted by the disk (Figs. 3d-k). In the latter 
case, the oscillograph shows clearly the zero line 
correspon ding to the absence of photocell current 
and consequently to the absence of the light in the 
photomultiplier. We also synchronized the sweep 
frequency with the frequency of the voltage applied 
to the discharge-tube electrodes. Both methods 

of synchronizing the frequencies on the oscillo- 
eraphs are equivalent. and the results obtained are 
numerically the same. However, in practice it 
proved more convenient to synchronize the sweep 
frequency with the light-interruption frequency at 
low audio frequencies and with the tube-voltage 
frequency at higher frequencies. 

The oscillograms show that starting with 200- 
300 cycles, a d-c component appears in the photo- 
cell current and starts rising rapidly with the fre- 
quency. This means that the tube starts glowing 
continuously at the instant in which the voltage 
changes polarity. In other words, at these fre- 
quencies and above, we deal with a modulated 
emission at a frequency f’ which equals twice the 
frequency f of the electrode voltage: f” = 2f. 

In our experiments the waveform of the alter- 
nating voltage applied to the discharge tube was 
strictly sinusoidal. In the first approximation, it 
is possible to assume that the time variation of 
the light intensity is also sinusoidal, as can he 
seen from the accompanying oscillograms (Figs. 
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3d-k). In this case the intensity of the light coming 
from the central portion of the discharge tube obeys 
the following relationship: 


I(t) =1p + hsin Qot, (1) 


where the modulation frequency 20 = 4zf. For 
measurement purposes, it is more convenient to 
put 


I(t) = Imint A(1 + sin 20), (2) 


where lima = Ig — I, '8 the minimum intensity 


of tube emission. If w = nn/2 (2 = 1,2,3...), /(t) 
becomes a constant quantity, equal to Pay Sl Sree 
+ 2], =1,+1,. This last relationship is valid 

not only for a sinusoidally-varying light intensity, 
but also for any other variation. The percentage 
modulation K is given by the following relationship: 


K ="100 (ata peek (3) 


The quantities /|.,, and/_ . entering into 

; : pea min 
this expression were determined by us by counting 
the number of squares on a transparent grid placed 
on the oscillograph screen, with the rotating disk 
interrupting the light from the discharge tube. 

The measurement procedure chosen permitted 
us to investigate the transformation of the low-fre- 
quency discharge into a high-frequency one in 
various gases (hydrogen, neon, and krypton) as a 
function of the discharge current and of the pres- 
sure of the gas filling discharge tube. 

The graph showing the tr ansformation from the 
low- to the high-frequency discharge and its de- 
pendence on the type of gas is shown in Fig. 4. 
The discharge was studied in three identical 
sealed-off discharge tubes with hydrogen, neon, and 
krypton at a pressure of 2 mm mercury and at a dis- 
charge current of 2 ma. Flat electrodes, 15 mm in 
diameter and 300 mm apart, were placed inside the 
tube. The internal diameter of the tube was 25 mm. 
The abscissa of the graph indicates the fre quency 
in ke and there are two ordinate scales. One indi- 


cates the ratio of the fraction I’, of the period 
during which no discharge glow is observed in the 
tube to the total period T. The frequency de pen- 
dence of this ratio T,/T is represented graphically 
by the descending branches in the curves in the 
frequency range from 50 to 200 cycles. The ascen- 
ding branches of the curves for the same gases cor- 
respond to the second ordinate scale, shifted to the 
right for convenience, which represents the per- 
centage modulation K of the light from the discharge 
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Fic. 4. Graph showing transition between low-and high-frequency 
1 —hydrogen; 2—neon; 3 — krypton; 
i=2ma; p= 2mm mercury. 
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tube. 


It is evident from this graph that even at fre- 
quencies as low as 200 cycles the discharge cannot 
become completely distinguished within a single 
cycle in any of these three gases. This means 
that at these frequencies (50-200 cycles, depend- 
ing on the type of gas) the ratio 7,/T vanishes and 
the photocell current starts containing a d-c com- 
ponent proportional to the light intensity. Even at 
2.5 ke the modulation factor o7 the constant light 
flux from the discharge tube is less than 50% for all 
three gases. Characteristically, for different gases, 
the higher the atomic number of the element, i.e., 
the longer the de-ionization time of a given gas, 
the higher the position of the right-hand branch of 
the curve, other conditions being equal. 

For all three gases, a detailed study was made 
of the transformation of the a-c discharge into a 
high-frequency one, both as a function of the dis- 
charge current, as well as a function of the gas 
pressure, other conditions being equal. The experi- 
ments were carried out at gas pressures ranging 
from 0.8 to 25 mm mercury and at discharge cur- 
rents from 0.5 to 5 ma. The form of the K vs. f 
curves is in all cases similar to that of the curves 
of Fig. 4. The curves in similar graphs run paral- 
lel to each other, both when the parameter varied 
is the pressure and when it is the current. 

The sequence in which the curves range them- 
selves on the graphs when the parameter is the 
discharge current or the gas pressure depends not 
only on the de-ionization time but also on the ratio 


between the ignition voltage and the amplitude of 
the voltage applied to the tube. We increase the 
latter, thereby increasing the discharge: current. 
The ignition and extinction voltage vary with the 
pressure. All this leads to a change in the time 
elapsed from the instant of ignition to the instant 
of extinction of the discharge within the same vol- 
tage half-cycle, and consequently also effects the 
position of the curves that show the dependence 
of T,/T and of K on f. 

The form of these curves depends considerably 
more on the gas pressure in the tube than on the 
discharge current. The frequency variation of the 
modulation factor, plotted by us for various pres- 
sures of the same gas at a fixed distance between 
electrodes, has shown that two different rela- 
tionships hold in this case. On one hand, at 
lower pressures (region of left branch of ignition 
characteristic) the K vs. f curves occupy higher 
and higher positions as the pressure is increased. 
On the other hand, at higher pressures (region of 
right branch of the same characteristic), this re- 
lationship is reversed; starting with a certain 
pressure, the curves occupy lower and lower 
positions as the pressure increases. Investiga- 
tions of the transformation of the a-c discharge 
into a high-frequency discharge, made at various 
values of the discharge current, show that the 
higher the discharge current in these gases, the 
higher the position of the K vs. f curves. In our 
experiments, over the entire range of variation of 
the current and of the gas pressure, the point on 
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the frequency axis corresponding to T,/T =0 or 
K = 100% never lies beyond 500 cycles. 

Measurements were made of the frequency de- 
pendence of 7,/T and K in two sealed-off dis- 
charge tubes of identical internal diameter and 40 
and 30 cm long filled with hydrogen at a pressure 
of 2mm mercury. The curves obtained for identi- 
cal discharge currents are in sufficiently good 
agreement over their entire length. This experi- 
mental fact is well explained by the de-ionization 
theory developed by Granovskii14. In fact, plasma 
in the de-ionization stage exhibits ambipolar dif- 
fusion of electrons and ions from the plasma to 
the walls of the tube and to the electrodes. On the 
other hand, in the central portion of the tube there 
is ambipolar diffusion of electrons and ions only 
to the walls. Since both tubes had the same inter- 
nal diameter, the speed of plasma de-ionization 
and consequently also the intensity of emission 
from the plasma in the de-ionization stage were 
the same for both tubes. This evidently also 
caused the corresponding frequency-dependence 
curves of 7,/T and K to be the same for tubes of 
different lengths. 

To obtain more details on the mechanism of the 
transformation of the low-frequency discharge 
into a high-frequency one with increasing fre- 
quency, we investigated the drop in intensity of 
emission of a pulsed discharge with time in the 
de-ionization stage in hydrogen and krypton. The 
presence of two periodically repeating light pulses 
in the photocell-current oscillograms has led to a 
sufficiently accurate determination of the time be- 
havior of the drop in the intensity of emission 
from the plasma in the central portion of the dis- 
charge tube with hydrogen and krypton at pressures 


of 2-3 mm mercury (Fig. 5). The fact that the curves 


of Fig. 5 differ insignificantly from straight lines 
is an indication that at these pressures the inten- 
sity of emission from the discharge tube in the de- 
ionization stage drops nearly exponentially. There 
is therefore every reason for assuming that in our 
experiments the charged particles become diverted 
from the plasma principally by diffusion onto the 
wall!4, 

Knowing the discharge ignition and extinction 
voltages, and knowing also the amplitude of the 
sinusoidal voltage applied to electrodes, we deter- 
mined graphically the time interval between the in- 
stant when the diminishing sinusoidal voltage be- 
comes equal to the discharge extinction potential 


Meyer Granovskii, De-ionization of Gas. From the 
collection Electron and Jon Instruments, edited by P. 


V. Timofeev, Gosenergoizdat, 1941, p. 93. 
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in a given half cycle and the time the voltage rises 
to the value of the ignition potential in the next 
half cycle. The plasma becomes de-ionized during 
this time interval, which depends on the fre quency. 
Knowing the drop in emission intensity of the dis- 
charge in the de-ionization stage, it was easy to 
calculate to what minimum value should the emis- 
sion intensity of the a-c discharge decrease during 
the polarity reversal. 

The K vs. f curves thus computed for hydrogen 
and krypton agree sufficiently well with similar 
curves obtained directly by measuring | ee * 
on the oscillogram for the same gases, other con- 
ditions being equal. This result confirms the pre- 
viously-made assumption that the duration of the 
plasma de-ionization plays a substantial role in 
the transition between the low-and high-frequency 
discharges as the frequency is increased. 

If the electrode voltage varies sinusoidally, the 
de-ionization in the post-discharge period takes 
place first in a diminishing direct field and then 
in an increasing reverse field. In this case, as 
shown in references 15 and 16, the plasma breaks 
up, mostly in the vicinity of the electrodes, owing 
to the formation of an ever-increasing space charge 
layer, consisting of positive ions. The space 
charge is initially formed at the cathode, and after 
the voltage passes through zero it is formed at 
the former anode. For the discharge tube and for 
the gases, voltages, and electrode spacing used 
in our investigations, the plasma breaks up before 
the space charge boundary manages to approach 
it. Consequently, in our case the speed of de- 
ionization is independent of the electrode-voltage 
amplitude. 

When the drop in intensity of emission from a 
pulse discharge in the de-ionization stage is used 
to plot analytically the curves showing the fre- 
quency dependence of the modulation factor of an 
a-c discharge, it turns out that it is possible to 
compute these curves, to a certain approximation, 
up to frequencies of 10° cycles. The results ob- 
tained are plotted in Fig. 6. 


4. CONCLUSIONS 


The experimental material gathered in this in- 
vestigation of fluctuations in the emission of a dis- 
charge at alternating current, in tubes with internal 
electrodes, as well as the material on the ignition 


15 B. G. Mendelev and Lk. A. Sviatoezerskaia, J. Exptl. 
Theoret. Phys. (U.S.S.R.) 21, 18 (1951). 


16 vy, D, Andreev, V. E. Levina and B. G. Mendelev, 
J. Exptl. Theoret. Phys .(U.S.S.R.) 21, 149 (1951). 
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FIG.5. Semi-logarithmic plot of the drop in emission intensity 
I of a discharge in the de-ionization stage with time. /,, — initial 
emission intensity. 1 — krypton, 2.8 mm mercury; 2 — 1.5 mm mer- 


cury; 3— hydrogen, 2.3.1 mm mercury. 
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Fic. 6. Graph showing frequency dependence of modulation factor 
K of the a-c discharge emission intensity. Krypton: J — 2mm mer- 
cury; 2— 2.7 mm mercury; Hydrogen: 3 — 2mm mercury; 4 — 2.5 

mm mercury. 


of discharge tubes with internal and external elec- 2. The positions of the boundaries of the transi- 

trodes in audio-frequency circuits, obtained by us tion region depend on the pressure and on the type 

in Ref. 9, leads to the following deductions: of gas. The lower limit of the transition region is 
1, There is no sharp boundary between an a-c several hundred cycles. The upper limit cannot be 


discharge and a high-frequency discharge. Between established accurately, for with increasing fre- 
these two types of discharge there is a transition quency the discharge in the intermediate fre quency 
region within which the discharge exhibits proper- region approximates asymptotically in its basic 
ties of both types of discharge. properties the high-frequency discharge. 
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3. As the a-c discharge changes into a high-fre- 
quency one, and as the frequency is increased, a 
substantial role is played by the finite time of de- 


ionization occurring in the plasma of the ac dis- 
charge when the voltage reverses polarity. 


ees by J. G. Adashko 
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The Structure of Superconductors. 1X. Roentgenographic Determination 
of the Structure of « - Bi, Rh 


V.P. GLAGOLEVA AND G. S. ZHDANOV 
Moscow Physico-engineering Institute 
(Submitted to JETP editor December 29, 1954) 
J. Exptl. Theoret. Phys. (U.S.S.R.) 30, 248-251 (February, 1956) 


We have determined the structure of the low temperature modification of Bi, Rh, which 
belongs to the space groupO ;°— Ta3d, with a lattice period a= 14,928 A. The positions 


of the bismuth and rhodium atoms were determined by a very precise method of construct- 
ing the cross sections and projecting the series of interatomic vectors (F“-series) and 


the series of electron densities (F-series). 


N the work of one of us and Zhuravlev! it was 
shown that the compound Bi,Rh has three modi- 
fications; «, 8, and y. The low temperature modi- 
fication has a cubic lattice with a period a = 14.928 
A and belongs to the space groupQ;;°— Ja3d. In 
the simple lattice there are 120 atoms: 96 atoms 

of bismuth and 24 rhodium atoms. Alekseevskii? 
has shown that the low temperature modification 

«- Bi,Rh does not exhibit superconductivity down 
to atemperature ~ 0.1 K, whereas the two other 
modifications - 8 - Bi,Rh and y - Bi Rh pass over into 
the superconducting state. Inthe same manner as in white 
and gray tin, the superconductivity in Bi, Rh is a 
property of the high temper ature modification which 
is metastable at low temperatures. The compound 
Bi, Rh, having a considerable number of modifica- 
tions ad various superconducting properties, ap- 
pears to be interesting, since a study d the struc- 
ture of its polymorphic modifications may enable 
one to explain the connection between polymor- 
phism and superconductivity. The problem in ques- 
tion in this work ° was to determine the atomic 
structure of one of these modifications ( «-Bi, Rh), 


1 N,N. Zhuravlev and G. S. Zhdanov, J. Exptl. Theoret. 


Phys. (U.S.S.R.) 28, 228 (1955); Soviet Phys. JETP 
1, 91 (1955). 


2 .N. EL Alekseevskii, G. S. Zhdanov and N. N. Zhur- 
avlev, J. Exptl. Theoret. Phys. (U.S.S.R.) 28, 237 


(1955); Soviet Phys. JETP 1, 99 (1955). 


3 V. P. Glagoleva, Dissertation. MIFI (Moscow Physi- 
co-Engineering Institute), 1954. 


which contains a large number of atoms in 
the elementary cell. A short report of the results 
of this work was published previously*. 

An analysis of the regularity of the extinctions 
and the possible atomic positions shows that the 
bismuth atoms may occupy just the general posi- 
tion 96 h and the rhodium atoms — the one of the 
two 24 — fold positions 24 c or 24d. 

For determining the positions of the bismuth 
atoms, which forms the framework of the structure, 
we selected the method of constructing the cross 
sections of the F-series. A three dimensional 
assembly of the reflected intensity received from 
a series of oscillating-crystal roentgenograms, was 
taken by the method of irradiating in a RKV camera 
86 mm in diameter. We derived the layer lines from 
zero to an eighth with a total number of independent 
reflections equal to 235. The reflected intensity 
was measured by a visual comparison of the spots 
for quality of blackening. For calculating F?(hk/) 
we took only angular factors into. account; tem- 
perature and absorption factors were not considered. 

The sections of the F?-series were selected so 
that the number of maxima were as small as possible 
with a small probability of over lapping, so that the 
connection between the codrdinates of the maxima 
and the atomic coordinates was of a very simple 
form. There are thtee types of maxima: Bi-Bi, 


4G. S. Zhdanov, Works (Trudy) of the Crystallograph. 
Inst. 10, 243 (1954), 
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Bi-Rh, Rh-Rh; with the same factors and of rela- 
tive weights: Ze: (Zei Zen): Zkn = 3.431.821. 
The appearance of maxima is principally charac- 
teristic of the spacing Bi-Bi, therefore the cross 
section can be found by considering only these 
maxima. We analyzed certain sections for flatness 
and for direction having simple indices, i.e., that 
were composed of pairs of the different coordinate 
positions 96 h, so that the values = x; — xj, U= 
ViVi W=2z—Z; satisfied the relations for 
flatness and direction in every case selected. 
Sections were selected in the directions [0, 1/3, w], 
from which 12 maxima are possible, corresponding to 
to the direction Bi-Bi, having a multiplicity of 8 and 
having coordinates +2x; +2y; + 22; 


S(t 2X) ee Ca 2), 22) 

for both positions of the rhodium atoms it is possible 
to have Rh-Rh maxima with multiplicity 2, from the 
coordinates 0 and 1/2, and a multiplicity of 4 from 
the coordinates 4 and 4%; Bi-Rh maxima are not 
possible. 

As a result of constructing and-analyzing the 
sections of the F-series there were derived 32 
variations of the coordinates (xyz) of the bismuth 
atoms. A geometrical analysis eliminated 16 of 
the variations. From the remainder there were 
selected two variations of the positions of the bis- 
muth atoms, for which the calculated value of 
F(hkl) was very large and a single weak reflec- 
tion with small indices agreed well with the experi- 
ments. A comparison of a large number of calcu- 
lations for these two variations and the experimen- 
tal value of / (Akl) confirmed the selection, but 
did not indicate any preference for either of them. 
In Fig. 1 a and 6 are shown the projections of the 
nuclei of the bismuth and rhodium atoms on the 
(100) planes for both variations. We adopted that 
variation which corresponded to a greater uniformity 
in the distribution of the bismuth atoms over the 
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volume of the cell (Fig. la). At the same time, the 
analysis of the interatomic spacing Bi-Rh gave for 
the rhodium atoms, the positions 24 c without any 
parameters. The coordinates of the bismuth atoms 
were: X = 0.028; y = 0.487; z= 0.154. 

A direct check on the accuracy of the choice be- 
tween the alternatives for the coordinates of the 
bismuth and rhodium atoms may be made by con- 
structing any projection and section of the series 
of electron densities. The projections of the elec- 
tron densities from all cells onto the (100) planes 
are of no interest, since they are alike for both 
variations. Aside from this, in these projections, 
the overlapping is a maximum. 

We chose for the region of projection of the 
electron density (the projection of the electron 
cloud) that which was included between x = 0 
jand x = 1/,, In the projection, there appeared 
four sharp maxima and two very diffuse ones, whose 
distribution verified the accuracy of the choice 
of the coordinates of the bismuth atoms. Accord- 
ingly, the four greatest and sharpest maxima were 
used with the parabolic method to make more pre- 
cise the coordinates of the bismuth atoms, i.e., 

x = 0.026; y = 0,437; z = 0 151. The rhodium 
atoms do not appear in this projection.The positions 
of the latter were determined byconstructing the sec- 
tions of a series of electron densities from the 
‘direction 1x, 1/,, 2/,]. Calculation and construc- 
tion of these sections confirmed the positions 24 

c for the rhodium atoms. 

From a second construction of a projected region 
of a series of electron densities the sign of F (hkl) 
was calculated from the coordinates of the bismuth 
and rhodium atoms which were derived from the 
first construction. In Fig. 2 is shown the results 
of this second construction of the region of pro- 
jection of the F-series. From it we derive sharper 
outlines of the maxima in those spots which were 
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Calculation of the coordinate maxima-(u, v) and the derivation from them of the 
coordinates of the bismuth atoms from the second construction of the region of pro- 


jection of the F-series. 


a 


| Connection to xyz 


No. of the 
maxima 2 3 ¥ y z 
u U 

I E478 1 - (O0Siue PS — 2 peyeey 0.022 | 0.434 2s 
I] D627) Hel) 100. 01) 44x lit /gaez 0.022 = 0.150 
ie 0,314 OF225 3 fy—y 1/4—-« 0.025 0.436 — 
IY a OnDs 0.029 z x 0.029 — Oaks} 
V 0.436 0.160 V fs = 0.436 0.160 
VI 0.100 0.187 eee 2 S/aty a= 0.437 0,150 
Average 0.024 0,436 0 153 


found from the first construction. The coordinates 
u and v of the maxima were determined in this man- 
ner by the parabola method and from them were cal- 
culated the coordinates x, y, z of the bismuth atoms 
givenin Table l. 

The coordinates given by the second construction 
of the projection differed from the coordinates ob- 
tained from the first construction by no more than 
0.003. The final values of the coordinates of the 
bismuth atoms were: x=0.024; y=0.436; z=0.153. 

In Table 2 are shown the interatomic spacings 
and the number of neighbor atoms in the structure 
«- Bi, Rh. 

The Bi-Rh spacing is less than the sum of the 
atomic radii by 3%. The coordination polyhedron 
of the rhodium atoms with eight vertices (a twisted 
cube) is shown in Fig. 3. In «- Bi,Rh there are 
two forms of twisted cube, right and left handed, 


one of which is obtained from the other by a reflec- 
tion through the center of symmetry. The tetragonal 
face of the eight-cornered figure which is parallel 
to the 110 planes appears as an external face of 
the «- Bi,Rh crystal. An analogous coordination 
polyhedron is found in the series of structures of 
the compounds of the transition metals with ele- 
ments of the B subgroup of the periodic table 
(PtSnz, PdPb,, AuSn,, CuAl,, CoGes). 

Each bismuth atom has three neighboring atoms 
of bismuth arranged on one side of it as in the struc- 
ture of pure bismuth. One of the Bi-Bi spacings 
is nearly equal to the shortest spacing in pure bis- 
muth, two are somewhat larger , and the remaining 
six Ri-Bi spacings are near the largest spacings 
in pure bismuth. 

N. V. Belov pointed out to us the analogy be- 
tween the structure of « - Bi,Rh and gamet 
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Interatomic Spacing and Number of Nearest Atoms 
Te 


Spaci Number of 
Atom Atom Soares Neighbor s 
Bi SAG. 
2Bi Sel 
Bi 2Bi 3,90 15 
4Bi ROD (9Bi + 2Rh) 
2Rh 2.80 
Rh 8Bi 2,80 SBi 


(Ca, AlSi,O12) . The oxygen atoms in the 
structure of garnet occupy the same positions as 


the bismuth atoms in « - Bi,Rh, and also form an 


eight-cornered figure — a twisted cube, in which 

are found octahedrons and tetrahedrons. In the 
garnet structure, the calcium atoms occupy an eight- 
cornered figure, the aluminum atoms — octahedrons, 
the silicon atoms — tetrahedrons formed by the 
oxygen atoms. In the structure « - Bi, Rh the coor- 
dinates of the bismuth atoms nearly coincide with 
the coordinates of the atoms of oxygen in the garnet 
structure . The rhodium atoms occupy eight-cornered 
figures, octahedrons and tetrahedrons at the re- 
maining vacancies. 


RESULTS 


1. The crystal «- Bi,Rh has a cubic lattice with 


aperiod a=14,928 +0.005 A; and belongs to the 
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space group O;,’ — Ja3d. The bismuth atoms oc- 
cupy the positions 96 h with coordinatesx = (0 094; 
y = 0.436; z == 0,153; the rhodium atoms — the 
positions 24 c, 

2, The coordination polyhedron of the rhodium 
atoms in «- Bi, Rh is eight-cornered — a twisted 
cube , analagous to the coordination polyhedra in 
the structures 
The bismuth atoms have a coordination number of 
11 (9 bismuth atoms and two rhodium atoms). 

3. The interatomic spacing Bi-Rh in « - Bi Rh 
is less than the sum of the atomic radii by 3%. 
Three of the Bi-Bi spacings are nearly equal to 
the shortest spacing, the remaining six near the 
largest values of the spacing in pure bismuth. 

The authors wish to express their thanks to 
Professors N. E. Alekseevskii and N.N. Zhuravlev 
for discussions of the results and also to N. S. 
Semenko for help in conducting the experiments. 


Translated by B. Hamermesh 
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Effect of an Adsorbed Film of Dipole Molecules 


on the Electronic Work Function 


N. D. MORGULIS AND V. M. GAVRILIUK 
Institute of Physics, Academy of Sciences, Ukrainian SSSR 
(Submitted to JETP editor, October 11, 1954) 
J. Exper. Theoret. Phys. USSR 30, 149-159 (January, 1956) 


An experimental investigation was performed, under high-vacuum conditions, of the varia- 
tion of the work function of tungsten when an accurately measured film (of varying thickness) 
of cesium chloride molecules was deposited on it; these molecules contained an admixture 
of radioactive isotope Cs!34 and, asa result, the density of the molecules in the film could 
be determined fairly accurately by the magnitude of its activity. It was shown that a film of 
CsCl molecules, having their own dipole moment, causes a decrease in the value of the work 
function of the tungsten; however, this decrease is considerably less than that produced by 
a film of cesium atoms. A comparison was made between these systems and data extracted 
from the literature for BaQ--W and Ba--W systems. A discussion of several ways in which 

, the results obtained here may be interpreted theoretically closes the paper. 


Abe investigation of the electronic properties of 
the surfaces of metals covered by adsorbed 
films of various, usually electropositive atoms has 
been the object of numerous works that have been 
carried out over a fairly long period of years.’ In- 
terest in this question lies, first, in the possibility 
of a broad and convenient study of the given physi- 
cal problem and the application of electronic meth- 
ods to the study of adsorption phenomena and, 
second, in the fact that systems such as these are 
invariably the base for many modern, efficient 
electron emitters. In the past the object of these 
investigations has usually been films of cesium, 
barium and thorium atoms and of the products of 
evaporation from an oxide cathode; the method of 
investigation was the following: variation in the 
magnitude of the photo and thermoemissions; varia- 
tion of contact potential as determined from the 
displacement of the current-voltage curves; and var- 
iation of the work function as determined from the 
shift of the red end of photoemission and from the 
change in the slope of the temperature dependency 
of thermoemission as expressed in the form: 

In (I/T?)=f(1/T). 

As aresult of these investigations, which were 
performed almost entirely with metals under con- 
ditions of high vacuum, the limits of the variation 
of the work function were determined; however, 
the density of the atoms adsorbed in the film N, on 
which this variation was based, was determined in- 
directly and this fact would usually introduce a 
certain element of arbitrariness, hampering a sub- 


; Zh. De-Bur, Electron emission and adsorption pheno- 
mena, ONTI, 1936. A. Reiman, Thermionic emission, 
GITTL, 1940. C. Hering and M. Nichols, Thermoelec- 


tronic emission. L. Dobretsov, Electron and ion emission 


GITTL, 1952. 


sequent reliable interpretation of the results ob- 
tained. Moreover, there were absolutely no data on 
the effect of films of atoms deposited on the surface 
of nonmetals or on the effect of films of molecules, 
including polar molecules, i. e., those having a 
permanent dipole moment, deposited on the surface 
of solids of unlike nature, under high-vacuum con- 
ditions. Here we can mention only investigations of 
the effect of the adsorption of molecules of differ- 
ent vapors (water, alcohol, ete.) on the work function 
of various semiconductors under ordinary--not high- 
vacuum--conditions .in connection with the problem 
of surface conditions;” these investigations are 
somewhat removed from the problem in which we are 
presently interested. Nevertheless, it is under- 
standable that all these problems are of prime im- 
portance in the electronics of the surfaces of solids 
and of modern, efficient electron emitters--the 
cathodes. 

It was not until 1950 that a work® appeared in 
whichwas posed the problem of studying the separ- 
ate effect of films of BaO, SrO, and CaO dipole 
molecules on the variation of the work function of 
metals: by means of a comparatively accurate meas- 
urement of the density of the molecules composing 
the adsorbed film. In this work a number of interes- 
ting results were reported; however, the conditions 
under which the experiments were performed do 
not give complete assurance of a sufficiently ac- 
curate determination of the value of N; furthermore, 


2 N. Morgulis, J. Exper. Theoret. Phys USSR 16, 959 
(1946). V. Lashkarev and V. Liashenko, Memorial 
volume of the 70th anniversary of the academician A. F. 
loffe, Publishing House of Academy of Sciences, USSR, 
p. 535 (1950). V. Liashenko and I. Stepko, Izv. Akad. 
Nauk SSSR Ser. Fiz. 16, 211 (1952). B. I’in, Nature 
of adsorption forces, GITTL, 1952. 


: G. Moore and H. Allison, Phys. Rev. 77, 246(1950). 
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an unsatisfactory circumstance here was the heating 
of the substrate together with the adsorbed layer in 
the determination of the thermoelectric constants; 
consequently, there was the possibility of an un- 
controlled alteration in the layer.* Therefore, with 
a far-reaching and more reliable study of this 
entire problem in mind, a series of similar investi- 
gations was performed in our laboratory; the first 
and second parts of these investigations, devoted to 
the Ba--W and BaO--antimony-cesium photocathode 
systems, have been completed.‘ Letermination of 
the value of gwas made by means of contact po- 
tential and the shift of the red end of the photo- 
effect; this did not require heating the layer. Con- 


ductometric titration was used for determining the 
value of N; the part played by the reflection coef- 
ficient in the condensation of atoms and molecules 
on the surface could then be considered additionally. 
It is important to mention that here, too, we used 
the taper method successfully, providing the layer 
with a constantly and widely varying thickness; this 
procedure was worked out by us and has been ex- 
tensively used in the past in the investigation of 
photo- and secondary-electron emission.” Finally, 

a paper was nubliahed quite recently which treated 
the ThO,--Mo system;° here, a method of thermo- 
emission with heating of the film was likewise 
used for determining the variation of the value of 
¢~; a radiographic method of counting the «-particles 
of the natural radioactivity of thorium in the thick 
part of the layer with extrapolation toward the thin 
portion was used for measuring the value of NV. 
However, the necessity of considerable heating of 
the Mo substrate led to the reduction of the ThO, 


film at its thin part and to results that were typical 
for the well-known Th--Mo system, etc. Thus, we 
see that the problem in which we are interested may 
be considered as barely begun and that it will re- 


* Correction. After this work had been sent to prees, 
there appeared the paper of P. Russell and A. Eisen- 
stein, J. Appl. Phys., 25, 954 (1954), inwhich were 
given the results of an investigation of thermoelectric 
emission and electronic diffraction of thin films of barium 
oxide deposited on nickel. Remarks made by us with 
respect to work” apply fully to this work. 


4/V. M. Gavriliuk, Trudy Inst. Fiz. Akad. Nauk Ukrain- 
ian SSR 5, 87 (1954); Zh. Tekhn. Fiz. 25, 14 (1955) 


oN. D. Morgulis, Trans. Jan. 1942 session, Ukrainian 
SSR, partlI, p. 215. N. Morgulis, P. Borziak, and B. Diat- 
lovitskaia, Izv. Akad. Nauk SSSR Ser. Fiz. 12, 126 
(1948). P. Borziak and N. D. Morgulis, Dokl. Akad. 
Nauk SSSR 61, 625 (1948). B. Diatlovitskaia, Dokl. 
Akad. Nauk. SSSR 63, 641 (1948). N. Morgulis and N. 
Nakhodkin, Dokl. Akad. Nauk. SSSR 94, 1029 (1954), 


© A. Shul’man and A. Rumiantsev, Dokl. Akad. Nauk 
SSSR 93, 455 (1953). 


ELECTRONIC WORK FUNCTION 


quire extensive and profound study. In this paper 
we shall present the results of our latest investi- 
gations of the problem; and, what is more import- 
ant in this problem, these investigations have been 
conducted using the most perfect procedure. 

The objects of investigation in the present work 
were the polar molecules of cesium chloride, having 
in the free or gaseous state a permanent dipole 
moment p=10 x 10°'8 cgs units;’ these molecules 
were deposited on the surface of tungsten. CsCl, 
tagged by aradioactive isotope Cs!34_ having a 
specific activity of ~ 350 mCu/g and a half-life 
of 1.7 years, and providing, in the main, /-radia- 
tion with an energy of 0.65 mev and y-radiation 
with an energy of 0.09 mev, was used in the work. 
The tube used for the investigation was some- 
what similar to that used previously; it is shown 
schematically in Fig. 1. Its basic components 


} bo “4 
eimai 


Fic. 1. 1-Tungsten ribbon; 2- 
3-receiver; 4-electron gun; 5- 
6-getter, 


evaporator; 
manometer; 


7 E. Rittner, J. Chem. Phys. 19, 1030 (1951). 
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were: 1) a long (=200 mm), flattened tungsten ribbon 
I, which was coated with a tapering film of CsC] 
molecules of varying density ); this ribbon was 
carefully degassed in advance by heating to high- 
temperature incandescence; 2) a platinum evapora- 
tor // in the shape of a small tube filled with CsCl 
and enclosed by a thermal screen of tantalum; an 
orifice 0.5 mm in diameter was made at the base nt 
the tube; by heating the evaporator to a suitable 
temperature it was possible to deposit a clump of 
CsCl molecules on the tungsten surface; 3) a regu- 
lating receiver /I/, carefully located, on which a 
part of the evaporated CsCl molecules were 
condensed; 4) an electron gun with suitable 
electrodes /V; it was moved along the tungsten 
ribbon, permitting a determination of the variation 
of contact potential V,, from the displacement of 
the current-voltage curves; this gave us the distri- 
bution of the average value of the work function o 
for a given section of the surface, at various lo- 
cations along the ribbon; and 5) placed inside the 
tube envelope, a modified ionization manometer 
system V, having a central ion collector--a thin 
filament--and an external cathode with deflector;® 
this permitted continuous regulation of the degree 
of vacuum in the tube down to very low values of 
the order of < 10°? nm. 

It is quite understandable that particular atten- 
tion was given to obtaining and maintaining the 
highest possible vacuum in the experimental tube. 
With this in mind, the following was done: 

1) The process of evacuating and degassing 
the glass envelope and the entire metal armature of 
the tube was performed most diligently and lasted 
for some 25-30 hours; most important, the process 
was repeated regularly several times. The vacuum 
plan made it possible to heat the glass enevelope, 
the last trap, and the ionization manometer and 
to bake the metal parts of the tube during evacua- 
tion. The excessively large barium getter V/ was 
degassed and partially dusted before unsoldering 
the tube and, partially after unsoldering; the getter 
coating was distributed for maximum gas-absorption 
capacity; in case of necessity, the tube could still 
be cooled by immersing the envelope in a Dewar 
flask filled with liquid nitrogen. In this manner 
it was possible to obtain and hold a vacuum of 
< 10°" mm for a long time in the unsoldered tube. 

2) Since this level of pressure of residual gases 
in the tube is considered absolutely unsatisfactory 
from the standpoint of the high requirements which 
must be exhibited at the present time in the methods 


8k. Bayard and D. Alpert, Rev. Sci. Instr. 21, 571 
(1 950). 
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of investigation for our problem, we resorted to the 
following procedure. It has long been known that 
absorption may be increased considerably by ioniz- 
ing the residual gases in the tube; in this the 
ionization manometer system was of particular use;? 
in the given case it acted as activator for the 
absorption of the ionized gas by the carefully de- 
gassed surface of the glass envelope and by the 
getter speculum. Actually, by starting our mano- 
meter periodically about every half-hour we were 
able to obtain and hold a vacuum of the order of 
p~1-3 xl0°° mm; for measuring the value of full 
pressure p, our manometer was graduated in ad- 
vance, Moreover, there are at present serious 
reasons for supposing that the effective partial 
pressure of that part of the residual gases that can 
actually be adsorbed on the surface of the tung- 
sten, that is, to distort the results obtained here, 
is much lower still and may even reach a value of 


ee Hl) 
ete 10° ~ mm.** 


The method of approach for the measurements 
themselves was as follows. By heating the evapora- 
tor filled with CsCl to a temperature of approxi- 
mately 450°C, where the vapor pressure reaches a 
value of 210mm, evaporation and deposition on 
the cold tungsten ribbon in the form of a layer 
having a constantly changing density takes place. 
At this time neither surface migration nor reevapo- 
ration of the CsCl molecules can take place. It is 
an easy matter to show that, since the evaporator is 
made of passive material --platinum--and the heat of 
dissociation of these molecules is fairly high, 
Q=106 kcal/g mol, they do not dissociate into 
atoms during the evaporation process, and the layer 
deposited on the cold tungsten ribbon will consist 
practically of CsCl dipole molecules alone; inci- 
dentally, this is seen from a comparison of the 
CsCl--W and the Cs--W systems (see Fig.7). 
Similarly, we assume that there will be no partial 
reduction of the film of these molecules on the 
tungsten ribbon during its later temporary heating 
to a temperature of approximately 600° 1 (see 
below), since, for example, the heat of formation 


of one of the typical chlorides, WC] ,, is equal to 


**Correction., After this paper had been sent to press, 
experiments were completed for an evaluation of the 
value of Pegi 4 description and the results of these 
experiments were presented in a brief report by one of 


the authors (N. Morgulis, Zh. Tekhn. Fiz. 25,1667 (1955). 


9 HW. Schwarz, Z. Physik 122,437 (1944). D. Alpert, 
J. Appl. Phys. 24, 860 (1953). D. Alpert and R. Buritz, 
J. Appl. Phys. 25, 202 (1954). H. Hagstram, Rev. Sci. 
Instr. 24,. 1135 (1953). 

10 \, Ionov, J. Exper. Theoret. Phys USSR 12, 58, 
(1942). 
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97 kceal/g mol. For other tungsten chlorides there 
are no data even for this quantity, and the si- 
multaneous absence of other essential parameters 
prevents us from making a quantitative thermo- 
chemical calculation of the degree of reduction of 
the CsCl by metallic tungsten as was done, for 
example, for BaO in the problem of the oxide ther- 
mocathode.!? For purposes of comparison, how- 
ever, let us point out that the film of adsorbed BaO 


molecules, having Q=126 kcal/g mol, displays no 
reduction during heating of the tungsten substrate 


before approximately 600°C, as is seen from the 
value of the work function.? For this reason, the 
transformation of BaO--W into Ba--O--W, is like- 
wise very improbable. 

Having completed all necessary measurements 
(see below), during which the temporary heating of 
the tungsten ribbon under investigation to a temp- 
erature of approximately 600°C took place, the tube 
was opened, and the tungsten ribbon /, with the 
CsCl film deposited on it, and the receiver ///] were 
removed. The use of a cesium compound tagged by 
the radioactive isotope Cs!34 had the following 
very important advantage: it made it possible for 
us to determine directly, and with great accuracy, 
the actual final (after heating) density distribution 
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of the molecules along the ribbon at various places 
N=f (x), as well as the total quantity deposited on 
the receiver. Knowledge of the latter quantity 

made it possible for us, analogously to the previous 
case,* to determine also the distribution of the 
original (before heating) concentration of molecules 
Nees f (x) along the ribbon. This was done by taking 
into account the shape and location of the evaporator 
with respect to the tungsten ribbon and the law of density 
distribution in a molecular clump along the ribbon. 
Use was also made of the well-known expression 
for the condensation of vapors leaving an orifice 

in a tube, 


n x/h 
No = sae he UAE ages een) 


where A is the perpendicular distance between the 
molecules, x is the coordinate of the receiver along 
the ribbon, n is the total quantity of evaporated 
molecules, and R is the reflection coefficient of 
the molecules during incidence on the hard sur- 
face. We shall not stop here to discuss the very 
interesting question of the reflection coefficient; }% 


it will be examined in another paper appearing 
shortly. However, we shall introduce here in Fig. 
2 the results of our determinations of the value of 


R, using a somewhat simplified procedure, for CsCl 


Fic. 2. x —Ni; O— Mo, a—W 


molecules at various densities of coated film R= 
f(N) for cold substrates of Ni, Mo, and W; these 


measurements were also made using a procedure of 


11, White, J. Appl. Phys. 20, 856 (1949). E. Ritt- 
ner, Philips Res. Rep. 8, 184 (1953). 


nnn. SS Se eee See 


12 
S. Vekshinskii, New method of metallography in- 
vestigation of alloys, p. 28, GTTI,, 1944. 


13 Ty. Khariton and Shal’nikov, Mechanism of con- 
densation and formation of colloids, GITTI, 1934. 
M. Devienne, J. phys. radium 13, 53 (1952); 14, 257 
(1953). N. Morgulis, V. Gavriliuk, and A. Kulik, Dokl. 
Akad. Nauk SSSR 101, 479 (1955). 
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tagged atoms.'® We observe here a marked decrease 
in the value of R, from more than 50% at N=10 14 
em=2 (degree of coverage @.>1) to less than 10% at 
N=10 !5 cm-?, where a second and other layers of 
molecules begin to form. Therefore, it is clear that 
a consideration of this factor will be necessary in 
future studies of adsorption processes. 

On the other hand, a direct determination of the 
final density distribution of the CsCl film on the tungsten 
ribbon N= (x) was of particular interest, because it 
provided the most direct and reliable value of this 
function with a high degree of accuracy and sensi- 
tivity, reaching ~4 x 10'° cm? as a result of the 
comparitively high specific activity of the original 
radiocative preparation. In other measurements of 
the deposition of CsCl molecules at various places 
on the tungsten ribbon, we either placed a thick 
lead screen with a narrow slit between computer and 
ribbon, or divided the ribbon into small parts of the 
order of three millimeters in length and then deter- 
mined the activity of the deposit of each division 
individually, by the usual method. The counting 
time for obtaining the necessary accuracy“ varied 
depending on the background; our accuracy was 
fairly high. The absolute value of V at various 
places on the ribbon was determined on the basis 
of the specific activity of the cesium chloride be- 
ing used and the efficiency of numeration during 
a fixed, steady arrangement of the ribbon with res- 
pect to the computer; activity was determined on the 
basis of B-radiation. 

Determination of the variation of contact poten- 
tial V,, i.e., of the average value of the work 
function ¢ at each individual position of the rib- 
bon, resulted from the variation of the displacement 
of the current-voltage curves from the given position 
of the tungsten ribbon, which played the role of col- 
lector of electrons in the system, and was placed 
opposite the given position of the electron gun; it 
was possible to move the latter along the entire 
ribbon. In order to avoid distortions in the meas- 
urements of the current-voltage characteristics 
(Fig. 3) owing to a varying drop of potential in the 
leads, the sliding contacts and the tungsten fila- 
ment of the electron gun, the latter was heated by 
alternating current obtained from a mercury-vapor 
rectifier tube having a fixed resistance across the 
plate circuit. For this reason, the data for the 
current-voltage curves, that is, the measurement of 
the electron cwrent, were recorded only during the 
half-cycle when the heating cwrent circuit was 
closed by the action of the rectifier tube, i.e., when 


14 Taylor, J. Sci. Instr. 27, 206 (1950). 


163 


there was no voltage drop in the cathode circuit of 
the gun. The example of a similar family of mu- 
tually displaced curves is represented in Fig. 3. 
Their values were recorded, naturally, in the region 
of initial velocities of very low-density electron 
emission. This displacement is of an absolutely 
normal (parallel) character, and the temperature of 
the electrons of the tungsten filament--cathode of 
the electron gun, determined from the slope of these 


HA) 


315-10 © 


lie, SY. 


curves, has the plausible value of about 1800°K; | 
all this tends to confirm the reliability of our method 
of approach. 

The results of measurements performed in this 
manner are represented in three figures in which the 
following are given: 1) the distribution of the surface 
concentration of the CsCl molecules along the 
tungsten ribbon immediately after dusting Ng=flx) 

( Curve / ) and, then, after heating at T7=600°C for 
one minute, V=f(x) ( Curve //, Fig. 4); 2) the dis- 
tribution of the variation of the work function along 
the ribbon Ag=f (x ) for these two extreme cases 
(solid lines) and for one intermediate case (broken 
line, Fig. 5); and 3) the same distribution A o=f (x) 
for the same three cases but for a different tube 
(Fig. 6), where, naturally, the distribution V=f(x) 
along the ribbon was somewhat different. For 
example, we see in Fig. 4 the variation in the linear 
distribution of the surface concentration which 
exists as a result of equal heating; this variation 
is obviously connected with the evaporation of an 
excess of CsCl molecules, corresponding somewhat 
to a nonuniform distribution of the temperature of 
the ribbon; Fig. 4 also shows the variation of the 
linear distribution of the work function caused by 
the above variation. 


164 ELECTRONIC WORK FUNCTION 


Fic. 5. 


The results of the recorded measureme nts are 
represented (on two different scales) in Fig. 7, 
where the fundamental function p=f(N) is plotted 
for the following cases: a) the film of CsCl mole- 
cules on the tungsten immediately after dusting 


(before heating), represented by triangles; b) two 
different films (Figs. 5 and 6) after heating as des- 


Gans 


cribed above, represented by circles and crosses. 
As seen from Fig. 7, all experimental points, with 
the exception of the’ two to the right, are found well 
within the single function y=f(N ), which obvious- 
ly implies the unchangeableness of the state of the 
CsCl molecules adsorbed on the surface of the 
tungsten substrate before and after heating. The 
error in the statistical determination of the value 
of N in one cycle of measurements is represented 
by the horizontal lines ; in other measurement cy- 
cles the error was many times smaller, and was too 
small to show on the graph. For greater clarity, 
we have plotted in Fig. 7 the function of the varia- 
tion of the work function of tungsten p=(@ -A¢) 
= f(N), taking v4.5 ev for pure tungsten.! Here, 
too, we have represented the similar function for a 
film of cesium atoms on tungsten substrate as de- 
rived from the literature (broken line). !5 

Inspection of the composite Fig. 7 shows that the 
adsorbed film of CsCl dipole molecules, having in 
the free gaseous state their own dipole moment 
p=10 x 10-18 ces units, does reduce the work func- 
tion of the tungsten substrate, but to a much les- 
ser degree than does a film of cesium atoms. This 
is demonstrated by the fact that the maximum value 
of Ag is considerably less here, while the sur- 
face concentration N needed to obtain this effect 
is noticeably greater. It is interesting to note that 


eed Taylor and I. Langmuir, Phys. Rev. 44, 423, 
(1933), I. Langmuir, cited in Usp. Khim. 10, 570(1941). 
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this result, for some reason, is exactly contrary to 
that derived from a parallel comparison of the 
similar BaO--W and Ba--W systems. Thus, the film 
of BaO dipole molecules influences the work func- 
tion of tungsten to a greater degree--a reducing 
effect--than does a film of Ba atoms, although the 
Cs--W and Ba--W systems are fairly similar to each 


qn 


other. All this can be seen from the composite 
table, where the dipole moment of BaO molecules 
in the free state, which is still undetermined, can 
be evaluated as 


p =ne(R, + Rs) — ne (a, + %)(Ry + R,)-2. (2) 


Oe ay Ob We 12.0 6 8 Ww WW @ i, 
lid 


Fig. 7. 


Herein R, and R, are the radii of the cation 
and the anion, « 1 and «, are their polarizabilities, 1 
and n is the multiplicity of charges of the ions; 
for a free BaO molecule the latter must also be 
equal to unity, since only thus is the criterion 
satisfied?® that the difference between the ioniza- 
tion energy of the cation and the affinity energy of 
the anion must be fairly small. The quantity py 
in the table given below is the effective dipole 
moment of the unknown molecules in the eae sibed 
state in a film of infinitesimal (degree of cover- 
age 6=0) surface concentration, where their inter- 
action can be disregarded; py is defined as 


[So Rice, Electronic structure and chemical bind- 
ing, 1940, pp.178 and 220. F. Seitz, Modern theory of 
solids, 1949. G. Herzberg, Molecular spectra and 
molecular structure, 1939. 


P=(1/4 7) (dp/ dN )n=0° As regards the interest- 
ing (in particluar for CsCl, as well) optimum de- 
gree of coverage 0. = /N, , there is always 
some element of arbitrariness in its determination, 
owing to ignorance of the density of the total 
number of vacant sites ,-Here, one should bear 
in mind?” that in our case of flattened tungsten rib- 
bon, the exterior surfaces of the microcrystalline 
particles should display a tendency toward advan- 
tageous grain formation with indices (100), for 
which No= 1.0 x 10?5cm7?. 

The results given in the table include our own 
for CsC]--W, and those derived and worked out 
for comparison from other investigations for Cs--W15 | 
BaO--W*, and Ba--W‘; they can be summarized 


17 |, Langmuir, Phys. Rev. 22, 374 (1923). L. Tonks, 
Phys. Rev. 38, 1030 (1931). L. Apker, E. Taft and 
J. Dickey, Phys. Rev. 73, 46 (1948). 
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as follows. 
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System CSD) sien eee Ce Po: 1078 cgs PAO egs 
= ae 7 units units 
€sCl-—W Abts: 5 4 10 
Cs—W m0) De 8 — 
BaO—W 3,5 1,4 8 14 (n=1) 
Ba-_W 2,9 <4 >9 = 


1) The question of Cs--W and Ba--W systems, 
i.e., of atomic films on the surface of a metal, has 
already been fairly well examined qualitatively 
in the literature; !® 
to 


here, the value of Ayis equal 


Ae = (% — ¢) = 4nas = 4xNp, 


(3) 


where go is the average density of the positive sur- 
face charge produced by the double layer formed by 
a single system: adsorbed atoms--surface of the 
metal, with close electron interaction between them; 
p is the average dipole moment for one adsorbed 
atom. Unfortunately, however, these ideas have not 
yet been formulated into a theory that might lead to 
quantitative relations which would permit their 
direct experimental verification. 

2) In contrast to the preceding case of atomic 
adsorption on the surface of a metal, the case of 
adsorption of molecules having a permanent dipole 
moment is still entirely unexplained, even along 
general lines, at the present time. In this case, the 
expression for the variation of the work function 
can probably be written in the following form: 


Ap = 4x (8pN + ac) = 4xNp, 


(4) 


where the factor B 51 characterizes the increase in 
the value of A wdue to the permanent dipole moment 
p;o is the average density of the surface charge 
produced by additional electron interaction of the 
single system: adsorbed molecular film--surface of 
the metal; in general, 8, p, and o will depend on N, 
Unfortunately, however, before a theoretical exami- 
nation of this new question, which we are undertak- 
ing at present, it is impossible to state anything 
conclusive. For the time being, we are limited to 


1 
OR. Gurney, Phys. Rev. 47, 479 (1935). A. Ansel’m, 
Uch. Zap. Leningrad State University 38, 16 (1939). 
F. Vol’kenshtein, Zh. Fiz. Khim. 21, 1317 (1947). V. 
Bonch-Bruevich, Zh. Fiz. Khim. 25, 1033 (1951). L.Do- 
bretsov. Le.g., see Ref. 1, L. Dobretsov. Electron and 
tonemission, GITTL, p.136.]. 


the following, purely qualitative remarks concern- 
ing the first and second members of Eq. (4) for the 
simpler case of a film with a very small degree of 
coverage, where we can disregard the interaction 

of the adsorbed molecules. 

a) In a molecular clump, before deposition on 
the surface, all directions of the noments of the 
dipole molecules are equally probable and, there- 
fore, a quite insignificant effect of a film of these 
molecules on the work function of the substrate 
was to be expected. However, the fact that not 
only in former cases of thé molecules of BaO, SrO, 
and CaO® but in our case of CsCl molecules as 
well, we always obtain a noticeable decrease in the 
work function, clearly indicates. that, near the 
surface of the metal, there is a fairly strong, de- 
finitely oriented electric field. This follows, too, 
from the general nature of the surface field of 
force of the metal and its electrostatic component. 
This field E orients the molecules in a definite 
preferential manner , producing a situation that is 
somewhat similar to that described by the well- 
known Langevin theory. Moreover, for the case 
of infinitesimal surface concentrations, where inter- 
action of the adsorbed dipoles can be neglected, 
direct application of the data of this theory to the 
question being examined here is possible; for ex- 
ample, for the ratio Po/p (see the table), we can 
write 


Po/p = L (pE/kT), (5) 
where L (x) is the well-known Langevin function. 
Taking the necessary values for the CsCl--W and 
BaO--W systems from our Table, we obtain ( for 
T=300°K) the field intensities in the region of 
these dipoles: E=1.7 x 10° and 2.1 x 10° v/cm, 
respectively, i.e., approximately the same values 
characterizing the tungsten surface, etc. The 
generalization of a similar theory for the case of 
adsorbed films of dipole molecules of any concen- 
tration whatsoever and the basis for it will be pre- 
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sented in near fututre by I. M. Dykman. 

b) The question of the role played by the second 
member of Eq. (4), characterizing the additional 
double layer produced by electron interaction be- 
tween the molecular film and the metal, must be 
decided analogously to the preceding case of the 
presence of an adsorbed atomic film on the metal. 8 
However, in our case of the CsCl --W system, we 
experience additional difficulty in determining the 
sign of the quantity a , i.e., the sign of the double 
layer obtained here. In fact, this sign depends on 
whether a surplus or an insufficiency of negative 
electron charge is produced in the adsorbed film; 
this, in turn, depends on whether the CsCl mole- 
cules are in stable states as negative and positive 
ions and on the electron level in these states with 
respect to the Fermi level in the metal. Actually, 
experimental investigation of a gaseous discharge 
in CsCl vapors’® has already indicated the forma- 
tion of the negative ions of these molecules and in 
the future their positive ions will probably also 
be discovered; however, the energies of the elec- 
tron states here are still unknown. Therefore, this 


19 N. Ionov, Dokl. Akad. Nauk SSSR 59, 467 (1948). 
V. Dukel’skii, E. Zandberg and N. Jonoy, Dokl. Akad. 
Nauk SSSR 68, 31 (1949). 
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second question as to the role of additional sur- 
face charge also remains open for the time being. 
Finally, let us point out that the small addition- 
al (irreversible ) increase of Ag by = 0.3 ev ob- 
served in the experiment during momentary heating 
of the film can probably be interpreted as an indica- 
tion of the existence of a certain number of indivi- 
dual places on the surface of the metal where the 
state of the adsorbed molecules, based on factors 
a) and b) above, is different from the normal states. 
Both these states are separated from each other by 
a potential barrier, and it is possible to examine 
them within the framework of modern notions on 
activated adsorption. The possibility of a slight 
dissociation of the CsCl with the appearance in 
the film of a certain quantity of Cs atoms is not 
excluded here. 
In this manner, then, using the CsCl--W system 
as a model, we have examined the details of the 
variation of the work function of a metal during the 
presence of an adsorbed layer of dipole molecules. 
The theoretical interpretation of this phenomenon 
is a matter for the future. 


Translated by G.F. Shultz 
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Jumps in the potential at a boundary between regions of a plasma with different concen- 
trations and temperatures of electrons are considered from the point of view of the classi- 
cal theory of contact phenomena in metals. Measurements carried out in a discharge tube 
with two parts of a positive column differing in their concentrations of electrons confirmed 


the admissibility of such a procedure. 


PS basic properties of the plasma of an ionized 
gas render it in many respects like a metal as 
represented in the classical theory of Drude. To 
such properties belong, in the first place, the 
quasi-neutrality of the plasma in the presence of a 
simultaneous high concentration of charged par- 
ticles, and the maxwellian distribution of electron 
velocities on which is superposed a directed move- 
ment in the electric field, determining almost com- 
pletely the electrical conductivity of the plasma. 
The analogy between a metal and a plasma has, 

of course, definite limitations. Thus, for example, 
while the increase in current strength in a metal 
is determined, for a given concentration of elec- 
trons, by the increase in the longitudinal gradient, 
in a plasma, on the other hand, for an almost con- 
stant gradient (sometimes even falling with in- 
creasing current density), the growth of the current 
is connected with an increase in the concentration 
of electrons. 

At the same time the analogy between a plasma 
and the classical model of a metal is not limited 
to the properties just mentioned, but extends also 
to several more specialized phenomena, such as, 
for example, the Hall effect./ And here we will 
take up the phenomena at the boundary between 
two regions of a plasma with different electron con- 
centrations or temperatures. 

If the first region is characterized by an elec- 
tron concentration ny and an electron temper ature 
T ,, and the second by n, and T,, then between 
these two regions there arises a potential dif- 
ference AU, which in the absence of a directed 
current between the regions is determined, as in 
the classical theory of metals, by the expression 


1M. I. Rodin and G. V. Spivak, Compt. rend. Acad. 
Sci. USSR, Nouv. Ser. 24, 247 (1939). (In English.). 


2 Pet, Lukirskii, Foundations of Electronic Theory, 
Moscow-Leningrad, 1929, Ch. 5. 
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C1 d (Tn) te (1) 
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Here the integration is carried out over the entire 
region of change of concentration and temperature. 
As is well known, the difference in potential 
calculated for a metal under actual conditions ac- 
cording to formula (1) amounts toe only some thou- 

sandths or hundredths of a volt. Actually the 
observed potential jumps at the boundary between 
two metals do not depend on the cause we have 
just mentioned, but on the difference in the work 
functions, which amounts to something between 
tenths of a volt and 1-2 volt. 

In the electron plasma the picture is the re- 
verse. If we try to evaluate the ‘‘work function”’ 
for taking an electron from the plasma as the work 
done by a mirror image force extending from in- 
finity to an intermediate position between the elec- 
trons, then even for very high concentrations of 
electrons -- of the order of 1012 ~ 10!4 em-3 -- 
this work turns out to be equal to a few; thousandths 
of an electron volt. At the same time the difference 
in potential between regions of a plasma with an 
electron temperature of the order of 104°K and a 
ratio of concentrations of the order of a few times 
unity may reach several volts. 

When the electron temperatures of the contiguous 
regions of the plasma are different, the exact cal- 
culation by means of formula (1) is made more dif- 
ficult, since ordinarily the temperature and con- 
centration distributions of the electrons, which 
one needs in order to substitute for the 7(n) occur- 
ring under the integral sign, are not previously 
known. For a monotonic change in temperature 
formula (1) may be written in the form 


AU=4(%,—T.4+Tin™), 


\ Ny 


where T is a value of the electron temperature 
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intermediate between T, and T,. As arough ap- 
proximation we may take 7’ = 1/27, oT, The 
problem is notably simplified if the Contig uous 

regions differ only in concentration, so that T 


: 1 
=T.,. In this case 


- 
Atha (kfeyt tir. ny). (3) 


For an experimental demonstration of the pro- 
posed representation of the “‘contact’’ potential 
difference in a plasma, we took just this latter 
case, as being the more simply analyzable. The 
representation was realized in practical form in 
the discharge tube drawn schematically in Fig. 1. 


5 
0b fy, 


Fic. 1. Tube used in the experiments. 


A mercury vapor discharge was maintained between 


one of the cathodes -- KS of mercury, or K,, of 
wolfram -- and the auxiliary anodes A, and A,. 
Two anodes were located in the main tube, the 
Pillow cylinder A, at the end of the tube and A, 
in the form of aring of width 12 mm in flat contact 
with the wall. Six cylindrical wolfram probes S, 


of length 7 mm and diameter 0.215 mm, were spaced 


along the axis of the tube. The distances between 
the probes are indicated in the drawing. In order 
to establish a definite vapor density the entire 
lower part of the tube was immersed in a vessel of 
water. 

By using suitable resistances In order to ey up 
various values of the currents /, and 4 in the cir- 
cuits of the modes A, and A,, we cou d create 
different concentrations of electrons in the parts 
of the discharge tube: 7, to the left of anode A, 
and n, between anodes A, and A, For ee 
purposes the ratio of the concentrations 7, ane 7) 
with this arrangement could be estimated as 


Mz [My = (1, + fe) / hy. (4) 
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Due to the fact that the cross section of the 
tube was uniform along its entire length and the 
applied current density and vapor pressure of mer- 
cury were sufficiently small, cascade processes 
should not have played any important role, and 
we may suppose that the electron temperatures in 
the two parts of the tube were the same. This 
should be correct, at any event, at a sufficiently 
great distance from the transition region. A few 
remarks concerning the phenomena in this region 
will be made below. We merely note here that the 
electron temperature measurements which were 
carried out in each experiment at all probes gave 
results coinciding within the limits of the accuracy 
of the measurements. 

The analysis of the results of the probe mea- 
surements was carried out in the following manner. 
On the one hand the jump in potential AU was cal- 
culated from formula (3), using the values of the 
electron temperatures and the ratios of the electron 
concentrations|[ determined both from the probe 
characteristics and from formula (4) ]. On the 
other hand, the potential distribution along the 
tube was plotted from the measured values (Fig.2). 
From the graph given in Fig. 2, the jump in poten- 
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Fic. 2. Potential distribution in the tube, as mea- 

sured by the probes; Cod fe 
= {2 amp. /,=0 amp. 7 =220002K; 
b: i, = 0,2 amp. Ty =e il ae, T =28000°K 
Ce: qT, => 0,4 amp. Ty=0,8amp/ = 26000° K 
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tial is determined by extrapolating the potential 
curves from the left and right parts of the tube 
back to the ‘‘surface of contact’’, which is taken 
as the surface at which the anede was located. 
With respect to the two means of determining 
AU, we may make the following remarks. The ap- 
plication of formula (3), which is correct in the 
absence of a directed current, does not seem com- 
pletely legitimate under the present experimental 
conditions. We must also take account of the fact 
that for a distribution of concentrations such as 
occurs in the experiment, the directedcurrent of 
electrons moving toward anode A,, when in the re- 
gion between the two sections of the plasma, is 
moving in a retarding field. In this region the 
energy balance is upset, the average energy of the 
electrons decreases, and the very form of the elec- 
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distribution. Taking into account, however, that 
the directed electron current is small in comparison 
with the disordered, we may expect that these cir- 
cumstances will not have a great effect on the mag- 
nitude of the jump in potential. 

With respect to the determination of AU from the 
graph of the potential distribution, it should be 
pointed out here that the true plot of the potential 
in the transition region is given, of course, not by 
the broken line U,, with an infinitely sharp jump, 
but by some smoothed curve U . drawn schemati- 
cally in Fig. 2b. Consequently the jump AU de- 
termined by extrapolation of the linear parts of the 
potential distributions will be somewhat larger 
than that which actually occurs. 

The remarks just made should be kept in mind 
when estimating the extent of coincidence of the 


tron velocity distribution function may change. All calculated and measured results for the potential 
this, in- its turn, has an effect on the potential jump. The results of all the measurements are 
TABLE 
I;, amps | Iz, amps a | T-1073°K | AVeale. | AUmeas, 
1,2 0 { 22 0 0 
1'0 0,5 1,5 25 0,87 4 
0,3 1,9 6 28 3,00 4 
0/2 1/0 6 28 4.3 5,5 
0'4 1'0 11 29 6 5 
Ont 1,0 14 26 5,4 6 
0:4 1°4 15 27 63 7 
0,04 0,8 ZA 18 4,7 oy) 
0:04 0:8 24 26 6.85 11 
0,04 Aes 32,0 al 8,2 10,5 
0:04 0.4 11 7 5,6 5 
0:04 0:6 16 27 6,45 7 
0/2 2 11 28 5.8 8 
0/2 2 14 30 6.3 8 
5 . : Deans 
given in the table . The currents /, and /, are given i 
in the first two columns, the ratio of the concentra- 0 
tions n/n in the next, the electron temperature g 
in the fourth, and finally, in the last two, the calcu- 4 
lated andmeasured potential jumps. 7 
In order to represent graphically the degree of 5 
separation between the calculated and measured 5 
values of AU, WU. ale, Was plotted as abscissa i 
and AU... 38 ordinate in Fig. 3. We see that 3 
seuaeanie AU, is somewhat larger than AU mie y 
This agrees with the remarks made above con- : ' 
cerning the exaggerated evaluation of the jump 
which results from our method of measuring it. OEE EES TET AE aes sat 
The case which we have considered of “‘contact”’ 


potential difference between contiguous regions of 


FIG. 3. Comparison of the calculated and measured 
values of the potential jump. 
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a plasma is, as we have said, an extremely simple 
one. However, in principle it is possible to extend 
our proposed approach to the consideration of 
phenomena in an inhomogeneous plasma and to 
more complicated cases, in which there occur dif- 
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ferences in the electron temperatures as well as in 
their concentrations. 
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Paramagnetic Resonance in Synthetic Ruby 


M. M. ZARIPOV AND Iv. 1A. SHAMONIN* 
Kazan State University 
(Submitted to JETP editor November 19, 1954) 


J. Exptl. Theoret. Phys. (U.S.S.R 


The paramagnetic resonance absorption spectrum in monocrystals of s 
taining from 0.1 to 0.01% Cr is investigated at a fre 
cal explanation of the observed spectrum is given. 


of 
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eriment there are found: 
the crystal (6 = 0.38 cm™ 
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I N the majority of investigations on the para- 
magnetic resonance of elements of the iron 
group, the hydrated salts of these elemests were 
studied. In compounds of this type the internal 
electrical field causing splitting of the basic con- 
dition of the magnetic ion is created mainly by the 
molecules of water surrounding the ion in the form 
of an octahedron. For this reason the electrical 
field acting on the ion is divided into a strong 
cubic field created by the molecules of water 

and a weak field of much lesser symmetry caused 
by the remaining atoms of the lattice. 

The paramagnetic properties of the investigated 
specimens of synthetic ruby are due to Cr cs 
which at low concentrations isomorphically dis- 
places Al*** in the lattice of corundum. Closely 
surrounding the Cr*** ion in the ruby is the octa- 
hedron of oxygen; here the chromium ion is not lo- 
cated at the center of the octahedron, but is dis- 
placed from the center along its trigonal axis, which 
is the optical axis of the crystal. On the whole, 
the individual cell of the ruby possesses a trigonal 
symmetry with respect to this self-same axis of the 
oxygen octahedron. Consequently, the internal 
electrical field within the ruby, created basically 
by the ions of oxygen, must be a powerful trigonal 


field. 


> 


* Experimental portion of the work carried out by 
lu. Ia. Shamonin. 

1 &, S. Rudnitskaia, Works (Trudy) of the Institute of 
Crystallography, Academy of Sciences, USSR 8, 1953, 
p. 13. 
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yuthetic ruby con- 
quent of 9.58 x 10” cycles. A theoreti- 
y comparison of the results of theory 
by in the electrical 
itting: g) = g, = 1,98. 


the basic level of ener 
ors of spectroscopic sp 


1, RESULTS OF MEASUREMENT 

The fine structure of paramagnetic resonance 
absorption in monocrystals of synthetic ruby con- 
taining from 0.1 to 0.01% Cr was investigated at 
room temperature at a frequency of 9.58 x 10° 
cycles. 

The investigated specimens were placed in a 
cavity resonator which was excited by a magnetic 
H, 1. wave. The power through the resonator 
served as the magnitude being measured. The ex- 
ternal constant magnetic field which varied from 
0 to 5500 oersteds was modulated by a fre quency 
of 50 cycles with an amplitude of modulation of 


Aes ~ +350 oersteds. Due to such broad modu- 


lation, the resonance curves were traced out com- 
pletely on the screen of the oscilloscope. 

The optical axis of the monocrystals had been 
determined previously at the Institute of Crystal- 
lography of the Academy of Sciences,U.S.S.R. How- 
ever, for our purposes, the accuracy of this de- 
termination was inadequate. For more precise 
establishment of the optical axis, the great posi- 
tion sensitivity of several lines of the magnetic 
spectrum of ruby with respect to the magnitude of 
the angle between the directions of the optical 
axis and the constant field was employed. Coin- 
cidence of the optical axis with the axis of rota- 
tion of the crystal, perpendicular to the constant 
field, was established by the constancy of posi- 
tion of all lines of the spectrum on the oscillo- 
scope screen. 
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The paramagnetic resonance of the spectrum of Given below are the resonance values of the 
a monocrystal of ruby was studied with the orien- magnetic field (in oersteds) which were determined 
tation of the optical axis a) parallel and b) per- with the aid of an instrument, which had been gra- 
pendicular to the constant magnetic field. Photo- duated by proton resonance, with an accuracy of 
graphs of the spectra for both instances are re- 0.5%: 


produced in Fig. 1. 


oe eee 


Case a) Case b) 
Experiment ME ie Soe: 650 3465 not ob- - 1178 1562 1967 5425 
served 
Theory ++ ++ += >> 650 3465 7580 1174 1555 1952 54541 


b 


Bical Paramagnetic resonance spectrum of ruby at 
a frequency of 9.86 x 10° cycles: a) constant magnetic 
field parallel to the optical axis of the crystal; b) con- 


stant magnetic field perpendicular to the optical axis 
of the crystal. 


2. THEORETICAL INTERPRETATION OF of the iron group is of at least two orders higher 
THE SPECTRUM multiplicity. For this reason, applying the 
method of perturbation, we will at first examine 
Having formulated the task of a theoretical ex- the influence of the electrical field, and then the 
planation of the magnetic spectrum of ruby, it is remaining members of the Hamiltonian (1). 
necessary to examine the following Hamiltonian: The potential of the electrical field of trigonal 


symmetry with the aid of equivalent operators” 
H =H, +V+A(LS) + (L + 2S) H, (1) can be represented in the following form: 
V = Bo + Bor'a (8L7—L(L +1) (2) 
where 4. is the Hamiltonian of the free ion of : 2 a (ZL + 1)} 


chromium, V is the energy of the electrons of this + BiB r? {3513 — 30L (L+1)L? 
ion in the electrical field created by all the re- + 25L3—6L (L + 1) + 38£2(£ + 1)} 


maining atoms in the crystal lattice. The third 


member of the Hamiltonian represents the opera- kee A 3 
tor of spin-orbital interreaction, and the fourth is + 7/4 Bar’ B {L2(L4.— L-) 
the energy of the electrons in an external mag- EE  Suennty Body 1) © 


netic field of intensity H. 


It is well known that the splitting caused by the 2 
- , K. W. H. St , Proc. ; : 
internal electrical field of the crystal in elements 209 (1952), evens, Proc. Phys. Soc. (London) A65, 
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The basic condition of Cr*** is 4F. From 
theoretico-group considerations it is known® that 
in a field of trigonal symmetry the F-level splits 
into 3 simple and 2 double -degenerate levels. And 
it is a fact that after Computation of the matrix 
elements of perturbation (2) we obtain a series 
equation of the seventh order, which breaks down 
into one cubic equation: 


L; 3 0 —3 
0 B —W —B 
—3 0 —B A—W 
and two quadratic equdions: 
Lz 2 —|1 (4) 
2|C—W D ae 
—l D ioe aon Nye 
Le | —2 
Lede a= We —D 6 
20 \ SED CA An 
where 
1S = 036 en 8V7 
A= a9 By — =r By, pg eee 
5 eal 8 2 0 0 x 8V 14 3 
ope Bp Se AR 


The solution of Eq. (3) results in three simple 
equations of energy 


Wee AL Wop (AV A785"), 


having their own corresponding functions: 


Wy = 27 (Py + Pa), 4 


Wy, = [2 (1 + 202 (@s + 201%, — Ps), 


where 


Me redone BW 


Equations (4) result in two doubly degenerate 
equations of energy: 


3 W. A. Bethe, Ann. Physik 3, 133 (1929). 
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Was = Yo(C + E+V (CHES +4 4D?) 
with their own functions: 
b a — a;D, oe P,P_,, ee BS = a;D_» = 8:@,, 


where i = 4.5; «; =—D/V(C— W))? + D® and 
8,—Y1—e2,. Analysis of the experimentally 
obtained spectrum of magnetic resonance demon- 
strates that the basic level must be simple; con- 
sequently, no matter what the sign of A is, the 
lowest level will be W,. 

In ref. 4 it is shown that, if the basic level 
is simple and non-magnetic, then (with an accuracy 
up to magnitudes of the second order) the energy 
levels are determined as the intrinsic values of 
the following matrix, depending only on the spin 
variables: 


W, alle 28 (6;; ae iAj;) SH; (6) 
— MA; Sey == esas lg hla. | 


<O|L,|m><n|L;] 0 
UAGnatess i i 
1] >| W,, — Wo . 


n+=0 


The subscripts i, j refer to the cartesian coordi- 
nates, and 0,..., n to the orbital levels of energy. 
Note that in our problem A,;,=0wheni#j. The 
last member in matrix (6) is not taken into con- 
sideration, because the correction to the energy 
introduced by this member with the magnetic 
fields employed at present is less than 0.001 cm~2 

In conjunction with the completed experiment, 
we will examine the following two cases: 1) con- 
stant magnetic field parallel to the optical axis 
of the crystal, 2) magnetic field perpendicular to 
this axis. 


In the first case, formula (6) results in the ma- 
trix: 


C+ gy BHSz + Ye dSz, (7) 


4 A, Abragam and M. H. L. Pryce, Proc. Roy. Soc. 
(London) A205, 135 (1951). 
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where 


g \| = 2 (1 ——— AG G — W; = Wee SHES — 1), a) = Qh (Agé a 2 Azz); 


3 
Aes = Fy oat 
9 4 
1+ 2a Wi— Ws 


Ay = 


Rejecting the inapplicable constant, we obtain 
the following equations of energy from (7): 


g| CAm + 1/2 6m? 

= yh (m === low Pigs — fy, es, ofa) 
where m is the projection of the spin moment. 
Designating 2Em/5=tm, & | 6H /35=xX, we obtain 


the final expression in the form: 


G49, = 2-3, RO eee (8) 


A graphic representation of (8) is given in Fig. 2. 


ay Sth 


Fic. 2. Schematic of the splitting of the basic level of 


the Crt++ TOntin ruby when the magnetic field is direc- 
ted along the axis of the crystal. 


The number and position of the line of paramag- 
netic resonance are easily determined with the aid 
of (8) if it is remembered that the probability of 
magnetic dipolar transitions is noticeably large 
only for those pairs of equations whose spin- 
magnetic quantum numbers differ by unity. These 
probabilities for the transitions}/, <> 3/,1/,<+ —'/s, 
— 3/, <> — '/gas a first approximation are related 
in the ratio 3:4:3. Identification of the experi- 
mental and theoretical spectra with the aid of (8) 
results in g\\~ 1.98 and § = 0.38 cm}. One 
should note, however, that at the frequency of the 
variable field employed, a third resonance absorp- 


Ww, — 


1 [oat Aesbe Ge) 


We Ws ar: Ws 


tion line at // ~ 7580 oersteds was to be expected. 

In the case in which the constant magnetic field 
is perpendicular to the optical axis of the crystal, 
formula (6) results in the matrix: 


Ca es ©) 


where &, =2(1 —)Axy).. The series equa- 
tion of matrix (9) has the roots 


aa=lt+x+V(l—x«)P +322, (10) 


£34 = | —x+Vil po Xi)” eto ie 


where & = 2E;/6 and ¥ =, PH/4. The 

graphic representation of (10) is given in Fig. 3. 
In order to compare the spectra obtained experi- 

mentally and theoretically, the probabilities of 


€ g 
12 
g 
5 
4 
Zi 4 
4 1__ ————_____ 7 
= 
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FIG. 3. Schematic of the splitting of the basic 


level of the Cr*** ion in ruby when the magnetic field 
is directed perpendicdlar to the axis of the crystal. 


transitions between the various levels were cal- 
culated. The theoretical values of the resonance 


ee eee 


ee ee 
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fields, noted above, were computed according 
to formulas (10) using the values of g|| and 6 
obtained previously. 

The authors express their gratitude to S. V. 
Grum-Grzhimailo and B. N. Grechushnikov for 


making the specimens of synthetic ruby available 
and for determining their major axes by the optical 
method. 


Translated by A. Certner 
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The Inelastic Scattering of Electrons from 
a Copper Oxide Surface 


N. B. Gornyt 
Leningrad Institute for Electrotechnical Communication 
(Submitted to JETP editor, November 15, 1954) 


J. Exptl. Theoret. Phys.(U.S.S.R.) 30, 160-170 (January, 1 956) 


An electrical differentiation method in a spherical condenser is used.to study the inelas- 
ic scattering of electrons from a copper oxide surface. Inelastically scattered electrons 
with discrete energy losses were observed from both monocrystalline and polycrystalline sur- 
faces. The discrete energy losses are equal to the energies required to transfer an electron 
of the crystal lattice from a filled band to an allowed one. It is shown that the inelastically 
scattered electrons, with discrete energy losses, are produced by the same mechanism as 
accounts for the group of genuinely secondary electrons, of discrete energies, which we had 


discovered previously, 


INTRODUCTION 
aye a group of electrons enters matter, indiv- 


idual electrons undergo changes in their direc- 
tion of motion, and also lose energy. Little is 
known about the mechanism by which electrons of 
low and medium energies (tens and hundreds of ev) 
lose energy as they pass through a solid boay. A 
study of this mechanism is both interesting for its 
own sake, and relevant to the understanding of many 
phenomena, in particular the emission of secondary 
electrons. 

In the course of investigations on the distribu- 
tion of secondary electrons emitted from metal and 
metal oxide surfaces, several authors!~4 have 
observed inelastically scattered primary electrons 
with small, discrete energy losses. The primary 
electrons had energies of approximately 100 volts 
in these investigations and the inelastically scat- 
tered groups were observed at energies close to 


IR, Whiddington, Proc. Leeds Phil. Lit. Soc. 1, 162 
(1927). 

2]. J. Hawort, Phys. Rev. 48, 88(1935); 50 216 (1936) 

3E. Rudberg, Phys. Rev. 50, 138 (1936); Proc. Roy. 
Soc. (London) A 127, 111 (1930). 

4A. R. Shulman and E. I. Miakinin, Dokl. Akad. Nauk 
SSSR 91, 1075 (1953). 


the primary energy. The fundamental method used 
in the study of spontaneous energy losses was that 
of magnetic analysis. This method has high re- 
solving power, but suffers from the disadvantage 
that only a small fraction of the electrons can ne 
analyzed: namely those traveling in a small solid 
angle determined by the slit of the analyzer. The 
retarding field and spherical condenser method 
roposed by Ielorsiaie avoids this drawback, but 
bes not have high enough resolving power to in- 
vestigate the fine structure in the energy distribu- 
tion of the electrons. As our experiments on the 
energy distribution of genuinely secondary electrons 
have shown, the use of electric differentiation in 
the spherical condensex method® increases the 
resolution considerably and allows one to study 
the fine structure. 

In the present work we examine the fine struct- 
ure in the energy distribution of secondary electrons 
at energies close to the primary electron energy. 

As samples to be investigated, we used copper 


7 


5p 1. Lukirskii, Zh. Rus. Fiz-Khim Ob., Ch. Fiz. 57, 
463 (1925). 

6n. B. Gornyi and L. M. Rakhovich, J. Exptl. Theoret. 
Phys. U.S.S.R. 26, 454 (1954). 

7N. B. Gornyi, J. Exptl. Theoret. Phys. U.S.S.R. 27, 
171 (1954). 
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covered with copper oxide. In previous work with 
these samples, the distribution curve had been ob- 
served to have fine structure in the neighborhood 
of the genuinely secondary electrons. 


APPARATUS 


The principles of the electrical differentiation 


method for investigating the energy distribution 

of secondary electrons are described in references 
6,7. The circuits described in reference 6 were 
set up in our laboratory by Rakhovich and are des- 
cribed in detail in his dissertation®. Fig. 1 shows 
a block schematic of the electrical circuit used. 
The generator frequency was chosen to be 29 cps. 
The effective value of the alternating component of 


lfive. 1b Block-schematic of the apparatus; E-emitter, P-electron gun, ; 
K and K -collectors, J-electron gun power supply; 2-source for D.C. 
component of the collector potential; 3-generator of the alternating, 

sinusoidal potential, 4-preamplifier, 5-band pass amplifier, 6-syn- 

chronous filter, 7-measuring apparatus 8 and 9-galvanometers, 

10-apparatus for outgassing the emitter. 


the potential applied to the collector by the genera- 
tor was AV, =0.42 volts. With the preamlifier we 
could observe cwrents as low as 10°! amp. In 
order to measure currents of this size, it was neces- 
sary to choose a very narrow band width for the 
amplifier--no larger than 0.5 cps. This was at- 
tained by using a phase sensitive detector.* The 
phase sensitive detector consists of a synchronous 
detector and a low frequency filter. As a synchro- 
nous detector we used a mechanical relay, which 
works well at low frequencies. The synchronous 
detector scheme worked quite satisfactorily. A 
microammeter at the output gave not only the magni- 
tude of the derivative, but also its sign. 

Our investigations led us to the conclusion that 
the experimental energy distributions of the second- 
ary electrons, as obtained by the retarding field 


* We are grateful to A. M. Bonch-Bruevich for pointing 
out to us the advantages of using a synchronous filter in 


our apparatus. 


8... M. Rakhovich. Thesis, Leningrad Institute for 
Electrotechnical Communications, ] 953. 


method, can be distorted in the spherical con- 
denser.” This distortion is due to the fact that the 
number of tertiary electrons knocked out of the 
collector by secondary ones, subsequently reach- 


ing the emitter, depended on the retarding potential. 


The distortion of the experimental distributions is 
significant for small values of V,,, and for the 
values of interest to us--those near the potential 
V, accelerating the primary electrons. In order 
to correct for this distortion, we used the vacuum 
apparatus shown schematically in Fig. 2. In the 
present investigations we used the same mono- and 
polycrystalline samples of copper oxide on copper 
as used earlier.’? The electrode with the emit- 
ter E was cylindrical, and contained a bifilar heat- 
ing filament inside it. The diameter of the cylin- 
drical electrode was 20 mm, while its length was 
17 mm. The construction of the electrode and 
emitter was similar to that in reference 9. The pre- 
paration and outgassing of the apparatus was as in 


°N. B. Gornyi, J. Exptl. Theoret. Phys. U.S.S.R. 26, 
327 (1954). 
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reference 7. Before the getter was unsoldered and 
fired, the pressure in the apparatus was less than 
10°° mm of mercury at 450°C. 

The spherical part of the apparatus was 120 mm. 
in diameter, covered inside with aquadag, and served 
as the collector. The collector was divided into 
two hemispheres K and K', insulated from each 
other and such that the secondary electrons could 
reach only the upper hemisphere K. The secondary 
electrons 2 (Fig. 2) incident on the collector K 


Fic. 2. The vacuum apparatus. 
E-electrode with the emitter, 
P-electron gun; K and K “collec- 
tors. 


knock out tertiary electrons 3, which can go back to 
the collector K, to the electrode with emitter E, or 
to the collector K’. 

Our data were taken with both collectors K and 
K' inthe measuring circuit, (arrangement 1), with 
only one collector K (arrangement 2) and with only 
the collector K' (arrangement 3). In all runs the 
collectors K and K' were at the same potential. 
In order to avoid distortion of the electron trajec- 
tories by the earth’s magnetic field, the latter was 
compensated for by two coils of 1 m diameter. 


RESULTS OF THE MEASUREMENTS, AND APPLI- 
CATION OF CORRECTIONS FOR THE TERTIARY 
ELECTRONS 


Figure 3 shows the curves obtained using a 
monocrystalline copper oxide surface (111) as 
V =128.5 volts and emitter temperature 420 C. The 
bias curves 1,2,3 and the distribution curves 4,5,6 
were obtained using the first, second and third 
measuring arrangements respectively. Curves 1--6 


127 


are shown on an enlarged scale in the voltage re- 
gion V;=V_. 

We note that curves 1 and 2 fall off 
for VieV ; the fall off is due to a decrease in 


the number of elastically scattered electrons, and 
occurs over a voltage range of about one volt. Cor- 
responding to this, the width of the elastically 
scattered peak is also about one volt. This indi- 
cates that there is a spread in the energy of the 
primary electrons, the spread being due to the ther- 
mal energy distribution of electrons leaving the 
cathode filament, or to the non-uniformity of the 
filament potential. In the following, “primary 
electron energy’’ shall mean the energy at the 
maximum of the peak due to the elastically scat- 
tered electrons. 

Curve 3 in Fig. 3 shows how the current from the 
collector K‘ varied. Since secondary electrons 
from the emitter cannot reach K' , curve 3 
evidently gives the tertiary electron current between 
K and K ‘as a function of V, , while curve 6 gives 
thé ‘speed”’relative to changes in V, with which 
this current varied. Curve 1 (Fig.3f becomes nega- 
tive for values of V;, between 16 and 80 volts. It 
follows that in this voltage range the number of 
secondary electrons from the collector (tertiaries) 
which fall on the emitter ts larger than the number 
of secondary electrons (from the initial scattering 
of the primaries) falling on the collector K. This 
is quite possible, since the secondary emission 
coefficient 5 of aquadag depends strongly on the 
conditions of preparation, as well as on the temp- 
erature of the initial heating, and can be larger 
than unity. Thus, according to the measurements 
of Titkov ot aquadag which has been warmed for 
6 hours at a temperature of 500°C at a pressure 
of 2 x 10-© mm mercury has 6 > 1 for Vg about 


100 to 500 volts. As the(negative) values of Vi 


are increased above 70-80 volts, curves 1 and 2 
(Fig. 3) become positive. This corresponds to a 
decrease in the number of tertiary electons emitted, 
the decrease being due to the lower energy of the 
scattered primary electrons which reach the collec- 
tor.*7 

When V;, reaches © 126 volts, i. e., when the 


** The bias curve 2 (Fig. 3) becomes negative at a 
smaller V, (13 volts) than does curve 1 (16 volts), and 


becomes ‘sitive again at a larger V;,(90 volts) than 
curve 1 (do volts). “This can be explained by the fact 


that the bias curve 2 is distorted by the large tertiary 
electron current to the emitter and collector K‘ , while 
curve 1 is distorted only by the tertiary electron cur- 
rent reaching the emitter. 


104.5, Titkov, Zh. Tekhn. Fiz. 23, 1361 (1953). 
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a small peak. These data indicate that the tertiary 


f the elastically scattered primaryelectrons 
Pe i F electron current decreases the current of secondary 


reaching the collector has decreased to V ,-V;,~2-3 


volts, then curves 1 and 2 increase sharply. electrons when Vy is less than about 126 Nolte 
Correspondingly, the distribution curves (4 and 5) When the energy VY, of the electrons falling on 
become negative in the same region of V , while the collector decreases to 2-3 volts, the efflux of 
the “‘rate-of-change’’ curve 6 for the current of ter- tertiary electrons either ceases or becomes negli- 
tiary electrons reaching the collector K‘ exhibits gibly small. 


1 
ost 
SO YO N50 EO, 70 80 EMG 


FIG. 3. Curves obtained for a monocrystalline copper oxide surface 
(111) with V =128.5 volts and t=420°C.; 1,2 and 3-bias curves; 

4,5, and 6-distribution curves, obtained by electrical differentiation, 
7-corrected distribution curve, 
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Let us consider how to find the ratio of the ter- 
tiary electron currents |. -, reaching the collector 
K" , and i reaching the emitter E (Fig. 2). Since 
[7 is measured directly, knowledge of this ratio 
would allow us to correct for the distortion due to 
the current /_.. When the space between emitter and 
collector is ‘field free, i.e., when V ,=0, then both 
the tertiary and secondary electrons move in 
straight lines. If we assume that the angular dis- 
tributions of the secondary electrons leaving the 
emitter, and of the tertiary electrons leaving the 
collector K, are given by the cosine law, then from 
the geometry and a direct measurement of J,” one 
can calculate the tertiary electron current he falling 
on the electrode E. Calculations showed that in 
our experimental set up, the current ue was about 
(1/2) I+. 

In the present work, we are particularly interest- 
ed in the possibility of corrections at large nega- 
tive values of V, , close to V_. Under these con- 
ditions, the eleciric field could bend the trajectory 
of the tertiary electrons in such a way as to de- 
flect some tertiary electrons from the collector K‘' 
to the electrode £, thus increasing I,- We could 
try to calculate the increase in AS by finding 


the trajectories of tertiary electrons moving in a 
radial electric field. However, such calculations 
would be difficult because of the large, but un- 
known, spread in tertiary electron energy at a de- 
finite V_. In addition, since the electrode with 

the emitter is cylindrical, the field is not strictly 
radial and hence the calculations would not be 
exact. Hence, we looked for another method of 
correcting the experimental data. It turned out that 
it was possible to make this correction by obtain- 
ing the values of /,, and lee for V; in the region of 
interest (close to Vee ), directly from the experi- 
mental data. 

The bias curves 1 and 2 (Fig.3) rise sharply 

as V, approaches ag ~ 126 volts); as men- 
ened above, this is explained by the decrease(to 
zero or a negligible value) in tertiary electron 
insolestle energy of the primary electrons 
scattered from the emitter and reaching the col- 
ector K decreases to 2-3 volts. In making the 
corrections for tertiary electron current, we assume 
that the emission of tertiary electrons under the 
above described conditions ceases completely. The 
rise in curve 1] is due to the tertiary electrons reach- 
ing only the electrode with the emitter E, while the 
rise in curve 2 is due to the tertiary electrons reach- 
ing the electrode £ and the collector K : Clearly, 
the difference between the maximum ordinate in 
curve 1 for V,~ Ay and the minimal ordinate for 
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Ve ~ 125 volts gives /,,, while the corresponding 
difference in curve 2 gives /, +1, -,Since the ordi- 
nates of curves | and 2 in this region are small, the 
value of 1, and I,” found by this method will be 


quite inaccurate. ihe and /, can be determined more 


accurately from curves 4--6 (Fig. 3). 

The distortion of the bias curves by the tertiary 
electron currents corresponds to a distortion in the 
distribution curves (curves 4 and 5, Fig. 3) caused 
by changes in the tertiary electron current with 
changes in V,. Curve 4 is lowered by the changes 
in the number of tertiary electrons reaching only the 
electrode E, while curve 5 is lowered by the 
changes in the number of tertiary electrons reaching 
the electrode E and the collector K’%. Since curve 6 

(Fig. 3) gives the ‘‘speed’’, relative to changes in 
la of the changes in the number of tertiary electrons 
reaching only the collector K', then clearly the 
differences of the ordinates in curves 4 and 5 should 
equal the value of the ordinate in curve 6 at the 
corresponding V;,. This is indeed the case. The 
negative peaks in curves 4 and 5 at V, ~ 126 volts, 
and the peak in curve 6 at the same voltae: corre- 
spond to the above mentioned abrupt decrease in the 
tertiary electron current as the energy of the primary 
electrons falling on the collector K decreases to 
2--3 volts. Clearly, the area of the negative peak 
in curve 4 corresponds to the tertiary electron 
current /,,, the area of the negative peak in curve 5 
to the sum of the tertiary electron currents hy and 


[,,r,and the area of the peak in curve 6 corresponds 


to the current I’, all at the same value of Vis 


From this we can find the ratio of the tertiary 
electron cwrents/, and 1,-: . The distortion in- 
troduced by changes in the tertiary electron cur- 
rent Ip for given values of V;, can be found by 
changing the ordinates in curve 6 in the ratio of 
the currents /,, and /,+ . Correcting curve 4 for 
the ‘‘speed’’ of changes in tertiary electron, cur- 
rent reaching the electrode £, and curve 5 for the 


*“speed”’ of changes in the tertiary electron current 
reaching the electrode E and collector K‘ , we ob- 
tain curve 7, shownin Fig. 3. Curves similar to 
those shown in Fig. 3 were obtained for other values 
of V, and on other samples of copper oxide. Only 
for low energy electrons ( V , =21.5 volts) did the 


results differ from those given above. 
Figure 4 shows the curves obtained with the same 


monocrystalline copper oxide surface (111) for V, 
=21.5 volts and emitter temperature t=400°C. The 
bias curves 1, 2 and 3, and the distribution curves 
4, 5 and 6 were obtained with the first, second, and 
third measuring arrangements respectively. Curves 


1 and 2, Fig. 4, differ from the curves 1 and 2, Fig. 
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3, in the absence of a sharp rise in io/i, , as V ;, 


increases toV |, Correspondingly, the distribution 
curves 4 and 5 in this range of V, do not become 
negative. One might conclude fromthese data that 
in this case (V ,=21.5 volts) there is no decrease in 
the tertiary electron emission as the energy of the 
electrons falling on the collector decreases to ~2 
volts, and the distribution curves for the secondary 
electrons are not distorted by changes in the terti- 
ary current. However, the presence of a rather dis- 
tinct peak at Ve =20 volts in curve 6, which gives 
the ‘‘ speed’) relative to changes in V,, of changes 
in the tertiary current falling on the collector Kk, 
indicates an abrupt decrease in the tertiary elec- 
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Fic. 4. Curves obtained for a monocrystalline 


copper oxide surface (111) with V 21.5 Otte 


and t=400°C.; 1,2, and 3-bias curves; 4,5, and 
6-distribution curves, obtained by electrical 
differentiation. 


DISCUSSION OF THE RESULTS 


In our study of the energy distribution of genu- 


INELASTIC SCATTERING OF ELECTRONS 


tron emission in this case. This contradiction can 
be explained if one supposes that when electrons 
of energy 21.5 volts are scattered there appears a 
group of inelastically scattered electrons with 
energy loss ~2 volts, which compensate for the 
decrease in the tertiary electron emission. The 
existence of this group of inelastically scattered 
electrons is supported by the small peaks in curves 
4 and 5 (Fig. 4) at V ,=19 volts. 

In Fig. 5 there are shown several corrected curves 
giving the relative number of electrons falling on 
the collector as a function of the energy loss in the 
emitter, obtained at various values of V, and on 
various samples of copper oxide. 


Kee V, 


5 DW 20 {0 V5 0 


Fic.5. Curves obtained at 400°C. for the 
relative number of electrons as a function 
of their energy loss at various values of 

V _, which are shown next to the appropriate 
curve. 1,2 and 6-for a monocrystalline (111) 
surface, 3 and 5-for a monocrystalline (110) 
surface, 4-for a polycrystalline surface. 
Curve 6 has been magnified by a factor 3.34 
relative to other curves. The peak in curve 
6 at V_-V,=20 volts corresponds to a maxi- 
mum in the genuinely-secondary electrons . 


inely -secondary electrons from a monocrystalline 
surface of copper oxide 


existence of fine structure--i.e., supplementary 


, we demonstrated the 


Nhs 15 (QO 


maxima. These supplementary maxima are due to 
transitions which the electrons of the crystal lat- 
tice can make from the filled energy band to other 


allowed bands lying above the Fermi level. Each 
transition is associated with the absorption of a 
definite amount of energy from the primary electrons; 
the possible energy transfers are given by the 
formula !1>!2 

W = (A?/8mx?) (2an/d)?, (1) 
where / is Planck’s constant, m the electron mass, 
d the lattice constant, and n? =h2 +k? +1? (h, &,l, 
being the Miller indices of the appropriate lattice 
planes). 

It is natural to assume that some of the primary 
electrons can be scattered after losing the energies 
given above. Then in addition to the elastically 
scattered primary electrons, there must appear in- 
elastically scattered primary electrons in the dis- 
tribution curve. In both the corrected curve ( Fig. 3, 
curve 7) and the uncorrected ones (curves 4 and 5), 
there are 2distinct peaks, corresponding to primary 
electrons which have lost energy V -V ,=8.5 and 
17.5 volts. These values agree well with formula 
(1), which for n°=1 and 2 gives 8.3 and 16.5 volts, 
respectively. There are also well defined peaks in 
all the curves giving the relative numbers of elec- 
trons as a function of energy loss (Fig. 5). The 
arrows under the curves give the energy losses com- 
puted from formula (1) for n=] and 2 (8.3 and 16.6 
volts). 

The energy loss of the primary electrons, as ob- 
tained from the peaks, agrees well with the calcu- 
lated energy loss in all cases except one, namely 
for V, ~ 2 volts in the distribution curve corres- 
ponding to V =21.5 volts. An energy of 2 ev is 
apparently insufficient to take an electron from the 
full band of copper oxide to the outside. The in- 
vestigations of Zhuze and Ryvkin on the photo- 
conductivity of copper oxide’? showed that the 
maximum in the photoconductivity is at A=0.63 p, 
which corresponds to a quantum energy of 1.96 ev. 
It is natural to suppose that the discrete energy 
loss of 2 ev which we obtained, and which agrees 
well with the 1.96 ev mentioned above, is the 
energy required to transfer an electron from the full 
band to the conduction band. 

It should be noted that, while in the investigation 
of the energy distribution of genuinely-secondary 


11.4 Ja, Viatskin , J. Exptl. Theoret. Phys. U.S.S.R. 
20, 547 (1950); 20, 557 (1950); 21, 851 (1951). 

12D, E. Woolridge, Phys. Rev. 56, 562 (1939). 

13. p. Zhuze and S. M. Ryvkin, J. Exptl. Theoret. 
Phys. U.S.S.R. 20, 152 (1950). 
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electrons there were supplementary maxima only 
for monocrystalline surfaces of copper oxide’, 
peaks due to the inelastically scattered electrons 
exist in the distribution curves obtained both with 
monocrystalline and polycrystalline surfaces. It 
should also be noted that as the energy V , of the 
primary electrons is decreased, then the second 
peak, corresponding to inelastically scattered 
primary electrons with energy loss 16.6 volts, 
decreases also. In the distribution curve obtained 
with V =100 volts this peak is weaker than in 
the distribution curve at V ~130 volts, while in 
the distribution curve at V. =21.5 volts, the peak 
has disappeared. 

The vacuum apparatus used in our earlier work’ 


on the distribution of genuinely-secondary elec- 
trons from the monocrystalline surface (111) of 
copper oxide differed from the present one in hav- 
ing the collector covered with powdered platinum; 
data were there taken on the distribution of secondary 
electrons over the whole energy range right up to 
v= a: Figure 6 shows these data. Curves 1 and 
2 give the distributions obtained with the electrical 
differentiation method at V_=75 and 76 volts res- 


. ° a . 
.pectively, while curve 3 gives the bias curve at 


We =75 volts. The electrical differentiation circuit 
used in obtaining these curves did not have a syn- 
chronous filter, and used a vacuum tube AC volt- 
meter on the output. As a consequence of this, the 
negative peaks do not differ from the positive ones. 
However, the slope of the bias curve (Fig. 6, curve 
3) for values of V, corresponding to the first peak 
(near the placrically scattered maximum in curves 
1 and 2) clearly shows that the first peak must be 
negative. The second peak must be positive for 
similar reasons. 

The reason for the increase in the bias curve as 
i approaches V __, and the subsequent negative 
peak, is the same as applies to the curves con- 
sidered above (Fig. 3)--the decrease in the tertiary 
electron emission associated with a decrease in the 
energy of the elastically scattered primary electrons 
reaching the collector to 2-3 volts. Thus in the 
distribution curves for V 7205 volts, we have only 
one peak, corresponding to inelastically scattered 
primary electrons with an energy loss of 8 volts, 
which agrees well with calculations from formula 
(1) (8.3 volts). 

Reference 4 gives several distribution curves for 
nickel which were obtained at various values of 


V_ in the range 20--50 volts by differentiating the — 
bias curves. These distribution curves also exhibit 
one peak, corresponding to inelastically scattered 


electrons. The energy at which this peak occurs 
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FIG. 6. Curves obtained for a monocrystalline copper 
oxide (111) surface at t=450 °C. J and 2-distribution 
curves, obtained at V=75 and 76 volts respectively; 
3-bias curve at V=75 volts. 


FIG. 7. Distribution curves obtained for a monocrystalline 


copper oxide (111) surface. Curve a obtained with V_=140 
volts and t=450°C,? curve 6 obtained with V ,=128.5° volts 


and t=420°C. 
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agrees well with the energy calculated from for- 
mula (1) for nickel, using n2 =] (12.2 volts). 

These investigations on inelastically scattered 
electrons confirm Viatskin’s theory of discrete 
energy losses associated with band transitions?! 
The mechanism by which these energy losses occur 
consists in the transfer of definite energies from 
primary electrons moving in the solid body to the 
electronsof the crystal lattice in this body; these 
definite energies correspond to transitions from one 
energy band to another lying above the Fermi level. 
The electrons from the crystal lattice form, upon 
emerging from the solid body, the discrete energy 
groups which we observed when investigating the 
energy distribution of genuinely --secondary elec- 
trons’. 

Under the distribution curves of Figs. 6 and 7, 
we show the calculated energy losses ev -W, 


and ev, -W, (the latter only on Fig. 7) of inelasti- 


cally scattered electrons, where W is calculated 
from formula (1), and also the calculated energies 


W-e p,W,-ey, and W,-e ¢ which electrons of the 


crystal lattice must have on leaving the emitter as 
secondary electrons. On curve 1, of Fig. 6, we see 
that the peak due to inelastically scattered elec- 
trons with energy loss ev,,-W, corresponds to the 
fine structure maximum in the energy distribution of 
genuinely-secondary electrons at an energy W,-e ¢, 
while in Fig. 7, in addition, the second inelastically 
scattered peak, with energy loss ev, -W, , corres- 
ponds to the second maximum in the fine structure 
with energy W,-e ¥. 

Thus we see that the inelastically scattered 
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electrons of discrete energy loss which we have 
discovered in this work, and the groups of discrete 
energy genuinely-secondary electrons discovered 
previously,” are due to the same mechanism . 


CONCLUSIONS 


l. The bias curves obtained with the spherical 
condenser method, and the energy distribution 
curves obtained by electrical differentiation, are 
distorted by tertiary electron cwrents in the vol- 
tage region V,~V _. 


2. Klectrons are scattered both elastically and 
inelastically, the latter undergoing discrete energy 
losses. 

3. The appearance of inelastically scattered 
electrons with discrete energy losses is due to 
electron transitions between the full and allowed 
bands of the crystal lattice, the necessary energy 
coming from the primary electrons. 

4. The inelastically scattered electrons with 
discrete energy losses are produced by the same 
mechanism as accounts for the genuinely-secondary 
electrons of discrete energies. 


In conclusion, I should like to express my grati- 
tude to L. M. Rakhovich for his help in setting up 
the apparatus and carrying out the experiments. 

I am also thankful to V. Bolotin, R. Breslav and A. 
Reitsakas for their help in taking data. 


Translated by R. Krotkov 
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The energy-dependence of the differential cross section for emission of Y-aTays, coming 
from the decays of 7°-mesons produced in the process p + p > 7° +p +p is measured at 90° 
in the center of mass system. An analysis is made of the way in which a resonance in the 
T =3/2,1=3/2,1=1 state might appear in the energy range in this reaction. 


HE, first measurements of the cross section of 
the process 


p+ p> + p+ p, (1) 


carried out at proton energies of 340 mev!>2 indi- 


cated a certain forbiddenness in the reaction (1). 
This fact is in agreement with the assumption that 
the neutral meson is produced in a p-state in nu- 
cleon-nucleon collisions. The study of this reac- 
tion for protons in the energy range 450-500 mev 
would provide a valuable link in our knowledge of 
the mechanism of neutral meson production, be- 
cause, as the energy available for the 7+meson and 
nucleons increases, the degree of forbiddenness 
should decrease. The experiments carried out in 
the Institute of Nuclear Problems? »4>5 and also 
those carried out at the University of Chicago® 
completely confirm this explanation of the forbid- 
denness. 

In accordance with the phenomenological analy- 
sis carried out in Refs. 7,8, the experimental data of (1) 
are consistant with an energy dependence of the 
type 

(2) 


or 0,27 ax: 1072? CM?, 
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where 77, ,,i8 the maximum momentum of the 7@meson in the 
center of mass system, in units of m,oc. This 
growth of the cross section with energy corre- 
sponds to a mechanism of emission of the 7¢meson 
in p-states, leaving the nucleons in a state of 
lal 

The processes of m7-meson production in nucleon- 
nucleon collisions, 


(3) 
N+N->r+N+N 


in terms of the hypothesis of charge- independence, 
can be split into three groups of transitions, the 
total cross sections of which are denoted by a, 9, 
0,, and o,,- For the characteristics of these cross 
sections it is necessary and sufficient to study 
only three processes, for example, p+p77*+n 
+p (0,541); ptp 7274 p+p (c,,)andn + p> a* 
+n+n[1/2(o,, + Oo) } The process p + p > 7° 
+p +p occupies a special position, since it cor- 
responds to only one group of transitions, while 

all of the remaining processes include two groups 
of transitions. 

For the considerations of (3) it is convenient to 
separate off the sub-system of two nucleons, char- 
acterizing it by the relative motion of the nucleons 
and by the motion of the sub-system as a whole. 

In the energy-region near to threshold, the angular 
momentum of the two-nucleon sub-system has an 
upper limit of one or two. It is useful to take 

into account the interaction between nucleons 
phenomenologically. 

Besides the interaction between nucleons, it 
is necessay also to note the interaction of the 
m-meson with the nucleon, which appears to have 
a resonance character in the state with T = 3/2, 
1=3/2 andl = 1. This is indicated by three 
groups of experiments: the process of scattering 
of mmesons on protons, the process of photo- 
production of mmesons, and also the process of 
production of 7*-mesons in p—p collisions with 
formation of deuterons, p + p> 7* +d. In the first 
two cases the interaction in the state with T=3/2, 1-3/2 
l= 1 appears directly; in the case of the reac- 
tion p + p +7" +d the resonance leads to an in- 
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crease in the cross section by a factor? 3-5, and 
the non-monotonic character of the energy depen- 
dence of the transition matrix element of this re- 
action, established in Ref. 9, appears clearly 

\n analogous appearance of the resonance inter- 
action in the state with T = B/ Oe Of OA] =] 

. : 3 

can be expected in all remaining processes of 
meson production, in particular in the processes 
i ied +n+p and p+p>7°+p +p. However, 
there is an essential difference between these last 
Processes and the reaction p + pa +d. 

In the first place, one must take into account 
the fact that the process (3) is connected with a 


————— 
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considerably larger number of transitions than the 
reaction p + p+7*+d. In order to trace which of 
the possible transitions can be connected with a 
resonance in the state T = 3/2: 713 B/D ie tee 
divide the system of three particles 7 + N +N 
into two sub-systems: (7 + N ) and (N). The total 
angular momentum of the sub-system (7 + N) in the 
case of resonance should be / = 3/2 (and the orbi- 
tal momentum / = 1, i.e., the sub-system is in a 

P, ; State). To this sub-system we add the secon¢ 
nucleon, having various orbital momenta relative to 
the sub-system. As aresult we obtain the possible 
states of the three particles shown in Table 1. 


TABLE l 
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Total angular 0 ' 
momentum / 
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It would seem that the sharpest appearance of 
the resonance in the state with T =3/2, ] =3/2, 
1 =1 can be expected in those cases where the 
second nucleon is in an s-state relative to the 
(7 +N) sub-system. If this is so, then the states 
Ces and ge s, turn out to be most essen- 
tial. To the first of these, ae corresponds 
an initial nucleon with even / and total angular 
momentum / = 1, which can occur only in case 

__..,.,=0. This means that the 7P, ,,s, State 

initial 3./2°1 
is not connected with the resonance since T,\ 
= 3/2 and Ty = 1/2 cannot be combined to give L 
= 0. 

Therefore, we will consider only the ae 
state, to which only one of the initial nucleon 
states can lead, namely "De In terms of the first 
type of classification of states, the transitions 
arising in this case are 


1D, —>?S) po, WD2—>*P282, D2 —>*Pi ods. 


The first of these is essential only in the reaction 
p+p+a*+n+p, wheras the remaining two re- 


9M. G. Meshcheriakov and B. S. Neganov, Dokl. Akad. 
Nauk. SSSR 100, 677 (1955). 


late to the process p +p >7* +n +p, and to the 
process p+p+>7°+p+p. The latter transitions 
should, it would appear, occur with less probabil- 
ity than the first, since the nucleons are in p- 
states. Besides the smaller cross section in these 
transitions, the emission of a proton in a p-state 
leads to a distortion of the energy dependence of 
the cross-section, for example, to a displacement 
of the maximum to higher energies. 

Thus the resonance chaacter of interaction in the 
T =3/2, 1 =3/2, | =1 state, which occurs in the t 
‘purest’ aspect only in case of the transition whe i 
a SaDs in the reaction p+ p2>a7*+n +p, can i 
be covered up by other non-resonance transitions. = 
In case of the reaction p+p>7°+p +p there is no 
basis to expect a sharp appearance of the reso- 
nance which could lead to a non-monotonic depen- 
dence of the cross section p + p> 7° +p +p in the 
region of 7-meson energies ~ 160 mev. 

In the second|place, the reactions p+p>7 +d 
and N+N+7+N +N ‘differ because of the statistical 
factor. Namely, the statistical factor of the cross section 
of the reaction N +N + 7 +N +N depends, in the 
non-relativistic region, on the maximum meson mo- 
mentum as 74 Whereas for the reaction p + p 
+ 7*+4d the statistical factor is proportional to the 
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first power of the momentum. 

In the third place, the reaction N+N>7+WN 
+ N’ gives rise to awide spectrum of 7-mesons, so 
that an integral effect enters into the total cross 
section, leading to asmoothing out of the resonance 
effect even in those transitions where it occurs. 

In this work the energy-dependence of the cross 
section, reaction (1), was studied at proton energies 
of 400 to 660 mev. Measurements were carried out 
at an angle of ~ 90° of the differential cross sec- 
tion for y-rays from the decay of 7mesons pro- 
duced in the process p+ p>7°+p+p. If it is 


assumed that there is not a sudden variation in the 
7&meson emission with respect to angle or energy, 
then the observed cross section reflects the energy 
dependence of the total cross-section one 


1, EXPERIMENTAL ARRANGEMENT 


The experiment was carried out with the 657 mev 
proton beam of the synchro-cyclotron of the Insti- 
tute of Nuclear Problems of the Academy of Science 
of the U.S.S.R. The experimental arrangement is 
shown in Fig. 1. The proton beam emerged from a 


Fic. 1. Experimental arrangement: 
a, liquid hydrogen; 6, Pb-collima- 
tor; c, Pb-convertor; d, radiator 
of Cerenkov radiation. 


concrete shielding wall through a 4 m collimator, 
traversed the ionization chamber and hit the target 
which was liquid hydrogen contained in a glass 
Dewar. The ionization chamber served as a monitor, 
and also as instrument for measuring the intensity 
of the proton beam. Calibration of this chamber 
was carried out in a separate experiment‘. The 
working part of the target was defined within the 
volume of liquid hydrogen by lead collimators, 
which shielded the y-ray counter from radiation 
arising from interactions of the protons in the glass 
walls of the Dewar. The mean path of protons in 


OBS. Neganov, O. V. Savchenok and L. M. Soroko, 
Reports (Otchet) Inst. Nucl. Prob, Acad, Sci. (U.S.S.R..) 
1954. 


this working part of the target, taking into account 
the penumbra formed by the collimators, was about 
8cm. The measurement of the background was 
carried out with the glass Dewar full of hydrogen 
gas at atmospheric pressure. 

Proton beams of energy less than 657 mev were 
obtained by inserting blocks of polythene in the 
path of the beam in the collimator to slow them 
down. At energies of 400-500 mev the energy 
spread of the beam of protons was +12 mev. 

The passage of the protons through the retarding 
blocks was accompmied by various processes in 
the blocks which made the experimental conditions 
worse. Thus, for example, the slow charged par- 
tic les emerging from the blocks created misleading 
lonization in the ionization chamber. The necessity 
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which was found experimentally, of introducing 
corrections on account of this effect arose in all 


experiments with proton beams of diminished energy. 


In the study of process (1), there occurred the addi- 
tional hindrance of charge-exchange neutrons pro- 
duced in the retarding blocks from the exchange 
interaction of protons in collisions with carbon 
atoms. Such neutrons impinging on the liquid hy- 
drogen target initiate the process n + p> Wn 

+ p, the relative yield of which exceeds the yield 
of process (1), especially in the region of reduced 
proton energy. In the worst conditions this back- 
ground did not exceed 15%. 

In this experiment y-rays from 7@meson dec ays 
were registered by a system consisting of a tele- 
scope and a Cerenkov counter. In the experi- 
ments determining the absolute cross-section only 
the telescope was employed. The telescope con- 
sisted of three scintillation counters (tolane). 
Counters II and III were in coincidence and counter 
I in anti-coincidence with II and III. A lead cm- 
verter of dimensions 2 x 2 cm? and thickness 0.5 
cm was inserted or left out before counter II. 

The Cerenkov counter had two photo-multi- 
pliers arranged vertically, between which was 
placed a plexiglass radiator in the form of a cube 
cut into two sections. Each section of the cube 
was joined optically with only one of the photo- 
multipliers. Pulses from each photo-multiplier 
were fed into amplifying channels . After shaping 
the amplitudes and lengths of the pulses, they 
acted in a system of two-fold coincidence, so that 
the major part of the noise in each photo-multiplier 
was suppressed. An analogous arrangement was 
also used in the telescope described above. 

Measurements of the intensity of Cerenkov ra- 
diation ! for fast electrons in the plexiglass 


330 mev 
(Sa 4)° 9; 


380 mev 
(22 + 5) % 


In addition to this experiment a measurement in 
the direct beam of 450 mev protons of decreased 
intensity was carried out. In this the efficiency 
found was (36 +4)%. The results of these mea- 
surements show that the Cerenkov counter is to 
the extent given really a threshold counter. 

Together with this even at high proton veloci- 
ties a counting efficiency less than 100% was ob- 


11 J, Marshall, Phys. Rev. 86, 685 (1952). 


440 mev 
(37 +3) % 
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showed that the number of photo-electrons was 
about 8 for a 2.5 cm thickness of plexiglass. 

For such a small number of photo-electrons it was 
necessary for the system to be triggered by the 
emission of a single electron. For this, with an 
amplification coefficient of the photo-multiplier 

of 5x 105 and an output capacity of the photo- 
multiplier ~ 5 pF it was necessary to have a further 
amplification of approximately 200. The stages of 
the wide-band amplifier employed had a compli- 
cated correction, the parameters of which were 
found using the nomogram and table given in Ref. 


12. 


2, EFFICIENCY OF COUNTING CHARGED 
PARTICLES OF VARIOUS VELOCITIES BY 
CERENKOV RADIATION 


The experiment to define the efficiency of count- 

ing charged particles by Cerenkov radiation was carried 
out in the following fashion. Two telescopes I and II 
in coincidence were placed at angles relative to the 
proton beam so as to register p—p elastic scatter- 
ing events. The targets in this experiment were of 
paraffin and carbon. Immediately behind the tele- 
scope registering high energy protons a Cerenkov 
counter was placed so as to be traversed by all 
protons which were registered in the telescope in 
front. Pulses from the counter and telescopes 

acted in coincidence. In this experiment the num- 

ber of coincidences between telescopes was com- 
pared with the number of times there was also a 
coincidence with the Cerenkov counter. The fol- 
lowing values were obtained for the dependence of _ 
the efficiency of counting the Cerenkov radiation _ 
on the energy of the proton counted by the tele- 
scope: 


600 mev | 
(55 +7) % | 


served. It is possible to explain the incomplete 
efficiency in the region of the plateau in counter 
characteristics if considerable fluctuations in the 
number of photo-electrons are assumed. As a con- 
sequence of this, the process in which no elec- 
tron is emitted in the photo-cascade or in which the 
electron disappears before it starts a shower, has 
a high probability. The efficiency of the Ceren- 


i Klu- 
12 ©, V. Braude, K. V. Epaneshnikov and B. Ia. 
mushev, Radiotekhnika 4, 24 (1949); 5, 16 (1950). 
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kov counter can increase, it would appear, if the 
sensitivity of the photo-cascade is made greater 
and if the loss of electrons at the initial stages of 
development of the shower is decreased. 


3. DEPENDENCE OF THE CROSS SECTION 
(do/dw)¥,° ON THE ENERGY OF 
THE INCIDENT PROTON 


In the relative measurements of the cross sec- 
tion (do/dw)Y , \0, the system of telescope and 
Cerenkov counter wa employed. The efficiency 
of this system of counting yrays at different 
proton energies was calculated in the following 
way. The following were taken in succession into 
the calculation: The ‘vanishing’ of the electron and 
positron in traversing the lead converter on account 
of bremsstrahlung, multiple scattering of electrons 
in the lead converter, and also the experimental 
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value for the cross section of pair production in 
lead. The character of the y-spectra arising at 
different proton energies was calculated under the 
assumption that the energy spectrum of the 7° 
mesons was determined by only.the statistical fac- 
tors, and that the 7+mesons were distributed iso- 
tropically in the center of mass of the two protons. 
In addition, a rough evaluation of the absolute 
cross section was carried out in experiments where 
only the telescope was employed. In this case 
(do/dw)%. = (4,5-+1 ,8)x 10728 cm 2/sterad, 
and the total cross sectiono>,, = (2,8+-1)x10-?%cm? 
if the 7mesons are distributed isotropically in the 


center of mass system. 


4. DISCUSSION OF RESULTS 


The results obtained in this work are given in 
Fig. 2. The most detailed measurements were 


& 
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Fic. 2. @andO — (do/dw)* 99°, in this experiment, 


res (do/dw)* according to Ref, 2, 


A— (do/do) Jo according to Ref. 4-6, 13, 
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carried out at the maximum energy of the 7™mesons 
in the region 120-150 mev (proton energy of 580- 
660 mev), at which energies non-monotonic varia- 
tions with energy of the total cross sections are 
observed in the reaction p + p> 7* +d and in the 
processes of scattering and photo production of 
mesons in hydrogen. In the present experiment a 
non-monotonic change of the cross section 
(do/dw, 90 in the range of proton energies 580- 


ee 


660 mev was not observed. If we assume that in 
the given region no sharp change occurs in the de- 
pendance on energy or angle of the cross section 
for emission of a 7@meson, then this conclusion 
relates also to the total cross-section om. This 
result is in accordance with the conclusions 
arrived at at the beginning of this article. Results 
of others are also shown on Fig. 2. A list of 
these is given in Table 2. 


TABLE 2 
6 
Lo 
fa 

> £oF & g 

2 Sia Wie? 

: ae > (do/de)ji2 aalaonn total cross-section | ace 

ba é : = | inthe lab system An a gape apse Eu SF Bo 
elds el me | | ao@entaeay | mmo | BeBe | EE 
a) = 5 z 10°28 em* / sterad az ae 
340 | 0,70 —- (1,6+0,5)-107 (1,0+0.3)-107 = [7] 
430i5) 444 2 0.8 4.54+1,5 a-+cos?6 | {§| 
460 | 1,23 — — 4+2 cos?0 | [3] 
— — -— — Osea, isotropic | — 
480 | 1,30 2,64+1,7 1.04+0,7 4,443 J COs Oi s[7) 
480 | 1,30 4.9+2 1.8+0,8 (1.05+0,45)-10 | 1sotropic| [5] 
— — -= — (0.62-4-0,28)-10 cos*0 — 
650 | 1,88 -- — (3.6+0,7)-10 COS-Ome Miao 
— — — —- (3,0-++0 ,6)-10 isotropic | — 
670 | 1,94 — 2,9+1.3 (3.7+0.8)-10 isotropic! [**} 


The solid line shows the dependence according 
to the power law 


(deldolne = Cant 


which approximates to the experimental results 
obtained in this experiment for 1 <7, ,, <1.9. 
The magnitude of the absolute error for E, = 697 
mev is shown on Fig. 2 by dashes. Other re- 
sults4-:!3 for 6 = 0° are represented by the dashed 
line which corresponds to the power law 


(ds/de)oo = Cymax 


13 A, A, Tiapkin, M. S. Kozodaev and lu. D. Prok- 
oshkin, Dokl. Kkad. Naak SSSR 100, 689 (1955). 


14 W. &, Crandall and B.J.Moyer, Phys. Rev. 92, 
749 (1953), 


15 B. D. Balashov, V. A. Zhukov, B.M, Pontecorvo 
and G. I. Selivanov, Report (Otchet) Inst. Nucl. Prob., 


Acad, Sci. (U.S.S.R.), 1954. 


for 1 <pnax < +9: 
All of these resu Its can be reconciled with a de- 


pendence of the total cross section for production 
of 7~mesons in process (1) in the region 1 <7 
< 1.9 according to the power law 


max 


brad oa 
Sop —~ Nmax, where % = 4. 


It is of interest to compare these results with 
the energy dependence of the total cross section 


os which would be expected if the transition ma- 


trix element is constant. Calculatial ° leads to the ex- 
pression 


o™ 


4 


Pmax 2 i 
\ [M(W —YV p?+ m) — 7/4?" pid p, 


0 


16 E, Fermi, Elementary Particles, Yale University 
Press, 1951. 
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where v is the velocity of the incident proton, p 

is the momentum of the z-meson, M and m are the 
masses of nucleon and m-meson respectively, W is 
the kinetic energy of two nucleons in the center 

of mass system. To derive this formula the rela- 
tion between energy and momentum for the 7-meson 


was taken as 6, = V p- -_ m?,- andfarthenucleonas 
6n—M = p°/2M._ The choice of the last 


relation is justified by the fact that the maximum 
nucleon energy in the region considered does not 
exceed 75 mev. 

In the energy region studied in this experiment 
the dependence shown in (5) can be approximated 


by a power law of the form: cae = const 70"), 
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P +P 7° +P oP 


As is known, in the region 7 <1, the statistical 
factor is proportional to 74 po 

Through comparison of this calculated depen- 
dence (power equal to 3.6) with the given experi- 
ments (power of approximately 4) it can be con- 
cluded that the energy dependence of the transition 
matrix element for (1) is small. 

In conclusion the author expresses his gratitude 
to M. G. Meshcheriakov, L. I. Lapidus and S. M. 
Bilen’kii for discussion of experimental results, 
and also to A. S. Kuznetsov who took part in the 
construction of the electronic apparatus. 


Translated by G. E. Brown 
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The Possibility of a Two-Step Excitation Mechanism 
in Sulfide Phosphors 
N. A. TOLSTOI 


(Submitted to JETP editor, July 26, 1954) 


J. Exptl. Theoret. Phys. (U.S.S.R.) 30, 171-179 (January, 1956) 


Experimental data on the kinetics of luminescence in strongly quenched phosphors indi- 
cate that in spite of widely held ideas to the contrary, the bimolecular theory is not appli- 
cable. An interpretation of the experiments in terms of a two-step phosphorescence excita- 
tion mechanism is presented. It is shown that a two-step excitation process is responsible 
for photoconductivity in CdS (Cu) having high copper concentrations. Moreover luminescence 
in this material exhibits properties typical of strong quenching. 


The kinetics of ‘ ‘fast’’ luminescence in sulfide 

e phosphors (for example, ZnS, CdS, etc.) has 
been studied in a number of investigations! in 
which the tau-meter method? was employed. At 
temperatures far below the temperature at which 
quenching occurs, the growth and decay curves are 
approximated by functions which do not satisfy any 
simple kinetic equations. The possibility of inter- 
preting these relaxation curves or of drawing even 


ly. A. Arkhangel’skaia, A. M. Bonch-Bruevich, N. A. 
Tolstoi and P. P. Feofilov, Dokl. Akad. Nauk SSSR 64, 
187, (1949); J. Exptl. Theoret. Phys. U.S.S.R. 21, 290 
(1951). D. B. Gurevich, N. A. Tolstoi and P. P. Feo- 
filov, Dokl. Akad. Nauk SSSR _ 71, 29 (1950). V. A. 
Arkhangel ’skaia , A. M. Bonch-Bruevich and N. A. 


Tolstoi, Izv. Akad. Nauk SSSR Ser. Fiz. 15, 695 (1951). 


2N. A. Tolstoi and P. P. Feofilov, Usp. Fiz. Nauk 41, 
44, (1950). 
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qualitative conclusions concerning processes in 
these phosphors is very remote. The expression 
which approximates the decay curve 

[~(1+ at)", (1) 
(where, for ZnS-Cu at room temperature, « has a 
value of the order of 0.7 ) cannot be correct 
a priori if the time is allowed to increase without 
limit because of the infinity which appears in the 
stored light-sum. Moreover, Kg. (1) is not valid 
at the very beginning of the decay curve (for exam- 
ple in the region of 100-90 per cent of the steady- 
state luminescence); using a method developed by 
the author? in which the relaxation curves are 
electrically differentiated, it has been shown that 
the curve in (1) is affected by the intensity of exci- 
‘tation E in a manner which is given by the expres- 


| Nol Al Tolavoi)deya-AkediaNeuls ssc@.Securie sis: 
712 (1951). 
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sion! avEP (where for ZnS-Cu at t=20°C,d is 
0.6-0.7) and that the dependence on E is very much 
weaker in the initial relaxation stages. In the 
limit (of increasing E) the initial slope of the decay 
curve, in general, tends toward a constant value. 
Hence, a single approximation cannot be used to 
describe the entire decay curve. From the point of 
view of methodology, the matter is further com- 
plicated by the fact that in the phosphors in ques- 
tion there occur slow processes which do not have 
time to reach completion when undergoing excita- 
tion by rectangular light pulses. This situation 
introduces additional difficulties in the interpret- 
tation of the relaxation curves. 

2. We shall use an approach which offers the 
possibility of great simplification in the interpreta- 
tion of the relaxation curves*. Consider the general 
symbolic kinetic equation 


da/dt = —I—T + yE, (2) 
where n is the number of excited centers, / is the 
number of electrons which return to the initial state 
per second with radiation, and 7’ is the same quan- 
tity without radiation, and y£ is the number of 
electrons excited per second by light with an in- 
tensity E. For brevity we will call / the lumines- 
cence, 7’ the quenching, and E£ the excitation. 

Suppose the phosphor to be in a state of strong 
concentration or temperature quenching. Then, ob- 
viously, /<<T and we can write as a first approxi- 
mation 

dn/dt = —T + 4E, (3) 
i.e., the net number of electrons depends only on 
the quenching and the excitation. In general it 
will be assumed that 

T = 8a 

(physically, Eq. (4) is connected with the fact 
that the interaction between a finite number of ex- 
cited electrons or centers and the virtually infinite 
number of thermal fluctuations is a process of the 
first type or “* pseudo-monomolecular’’ process). 


Then 


(4) 


5 
dn/dt = —8n +E, (5) 

whence 
No = (E/8 (steady-state); (6) 
n = Noe (decay); (7) 
1. = New (1 — ee") (growth). (8) 


4. A. Tolstoi, Dokl. Akad. Nauk SSSR 95, 249 (1954). 


191 


Thus the number of excited electrons n is given 
by the simplest kind of exponential kinetics. The 
form of the relaxation curves does not depend on E 
and no ~E. Formulas (6)-(8) are called the 

quenching kinetics’”’ formulas. 

We now consider the second approximation and 
will assume that /#0 although /<< 7. Then, what- 
ever the algebraic dependence of /(n), the kinetics 
of luminescence will be algebraically connected 
with the exponential quenching kinetics which are 
already known. For example, if the luminescence is _ 
monomolecular or pseudo-monomolecular (recombi- 
nation) in character, i.e., /=«n, then 


Too = a E/8, (9) 
[= /,e—* (decay); (10) 
I = Ie (1 —e-#) Got (11) 
while if the luminescence is bimolecular, i.e., 
Tax ee then 
Ton = ay? E?/B? (12) 
fs Toe 288 (decay); (1 3) 
Vie leak nea) (growth). (14) 


Hence, under conditions of strong quenching, the 
luminescence mechanism emerges, so to speak, in 
“*bare’’ form. It has been assumed that / is a func- 
tion only of the number n and does noi depend, for 
example, on the distribution of excited electrons 
over trap levels at different depths (in such a case 
I, in general, would not be determined uniquely by 
the quantity n). Generally speaking, / is not a 
unique function of n, but this assumption is justi- 
fied under conditions of strong quenching, especial- 
ly when the quenching is due to high temperatures. 
The exponential behavior of the decay of lumines- | 
cence or the falling-off of photoconductivity ap- i 
pears, in this case, as a criterion of the validity of ji 
an assumed dependence of the type J=«n™ (m= 
const). 

Finally we may note that when there is strong 
quenching the methodological difficulties con- 
nected with the existence of slow relaxation pro- 
cesses are avoided. 

3. We now recapitulate certain experimental 
data relating to relaxation in strongly quenched 
phosphors. 

a) The steady-state luminescence shows super- 
linearity as a function of the intensity of the excit- 
ing light E. In a number of cases the function 
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I, (E) tends toward 1, ~E?. 

b) The decay curve is found to be exponential 
or very close to exponential; Tis independent of E 
but falls off with increasing temperature. 

c) The growth curve starts with a parabolic de- 
pendence (/~t?) and then after inflection goes con- 
siderably slower than the decay cwve. The form of 
the curve depends markedly on E. Schematic curves 
of growth and decay are shown in Fig. 1. 

d) The area above the growth curve L, (Fig. 1) 
is much greater than the area under the decay curve 
Lae The ratio L/L, , which we call s below, de- 
creases with an increase in E; this however may be 
seen from 6 andc. A typical ratio s=10*. 


EES 


Brg 


e) The maximum slope of the growth curve (at 
the inflection point ) Lae is much smaller than 
the maximum slope of the decay curve (at the be- 
ginning of the latter). ** 

4. We now examine the extent to which the con- 
siderations developed in Sec. 2 are useful in ex- 
plaining the experimental data given in Sec. 3. At 
first glance it would seem that the formulas given 
in (12)-(14) (bimolecular luminescence) are in agree- 
ment with the experimental data (the quadratic de- 
pendence of /,,(E ), the exponential behavior of 
decay and the parabolic nature and the inflection of 
the growth curve). However, the experimental re- 
sults contradict the theory in one essential point: 
according to (14) the form of the growth curve is 
independent of E; actually, however, such a depen- 
dence exists. The only approach which reconciles 
theory and experiment lies in assuming a strong de- 
pendence of the quenching probability B on E 
[ since the form of the growth curve depends only 
on the time coefficient in (14) ]. Physically this 
means taking cognizance of the strong quenching 


* This ratio can be determined by an objective method 
for measuring Land L ,, ( the ‘* L-meter’’) developed by 
the author in conjunction with I. A. Litvinenko.® 


** This can be determined by electrical differentia- 
tion. 


5N. A. Tolstoi and I. A. Litvenenko, J. Exptl. Theoret. 


Phys. (U.S.S.R.)29, 507 (1955). 
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property of the exciting light (QPEL). When this 
is taken into account the quenching probability 
appears in the form 


& = 8; + BE, (15) 
where pis the probability for purely thermal 
quenching, and BE is the optical quenching proba- 
bility. Then we should write in place of (12)-(14) 


Too = 02E? (Br + BoE), (16) 
I = Im exp {— 2B rt} (decay); (17) 
= Io (1 —exp {(8r + BoE)t})? (growth), (18) 


The assumption of (QPEL) appears to be un- 
avoidable if one starts from the considerations de- 
veloped in Sec. 2 and the experimental dependence 
of the growth on E. We shall find, however, that 
even the modified equations are found to be in 
quantitative disagreement with the experiments. 


Having calculated L, and L, (Fig. 1) starting 


from formulas (13) and (14), we obtain L yale / 2B 
* KK 

and L =3l1. / 2B so that s=3. If, however, we 

use the modified formulas (17) and (18), i.e., if 

(QPEL) is taken into account, then 


s = 381/(8r + BoE) <3. (19) 
The ratio s falls off with an increase in E and for 
se 2B 7 it becomes less than unity. Thus the 
ratio s can never have a value greater than 3; with 
sufficient intensity of the exciting light, moreover, 
(QPEL) can bring about a situation in which the 
area above the growth curve hecomes smaller than 
the area under the decay curve.” The experiments, 
as we have seen, yield s > 3; for large FE, s=10 

is observed and with a reduction in £ this ratio 
erows still larger. The disagreement between ex- 
periment and Eq. (19) indicates that the growth 
curve (18) cannot be brought into quantitative agree- 
ment with experiment for any value of the exponent 
B=87+BoE in the exponential term. Actually — 
B>B_, but for agreement with experiment we require 
at least that B BF lies that 8, E > 0. If one 


*** For a ponquenched ‘* pure bimolecular’’ phosphor 
(dn/ dt =-«n +yE) gs may be taken equal to unity. 

+It has been shown in a paper by Tolstoi and Shatilov’ 
that the limit on the values of s, s $3, is valid under 
more general assumptions as to the recombination mech- 
anism. 

°N. A. Tolstoi and A. V. Shatilov, J. Exptl. Theoret. 
Phys. U.S.S.R. 30, 109 (1956). 
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allows the possibility, even formally, that BE <0 
(negative QPEL) then one is quickly brought into 
another contradiction with experiment: with an 
increase of the exciting light intensity a slower 


growth curve is obtained and not a faster one as is 
actually observed. Furthermore, the dependence of 


the steady-state luminescence on the intensity of 
excitation is found to be greater than quadratic 


[ cf Eq. (16)}. Although such a dependence has 


been mentioned in the literature, it is not appropri- 


ate for those phosphors and those experimental 
conditions which are under discussion here. 

Thus we are confronted by a serious difficulty: 
not making any assumptions of an arbitrary nature 
as to the mechanism of luminescence and quench- 
ing we obtain theoretical curves which are found 
to be in strong disagreement with experiment. We 
may point out the fact that the growth curve is the 
**corner stone’’ of our analysis. It is obvious that 
in general the growth kinetics will be more sensi- 
tive to the luminescence mechanism, but strangely 
enough only a small amount of work in the litera- 
ture is devoted to a study of growth phenomena. 

To show the necessity for the assumptions 7=6n 
and /=«n? which were made in Sec. 2 we point out 


that violating the first of these would lead to a non- 


exponential decay, i.e., to a stronger disagreement 


with experiment ( for example T=Bn” would indicate 


a hyperbolic decay). Violation of the i cea are 
would mean a nonparabolic depen 
beginning of growth, i.e., it would also contradict 
experiment ( for example /=«n would indicate a 
linear dependence at the beginning of the growth 
curve). Ueparture from the idea of a single-valued 
dependence of /(n) would also lead to a non-expo- 
mential decay and could lead to a dependence of the 
form of the decay curve on E. The notion that the 
indicated assumptions are in fact violated but are 
‘*compensated”’ in such a way as to lead to the 
required results is so artificial as not to warrant 


=o 77 


discussion. 

The only alternative which remains is to investi- 
gate the admissibility of one tacitly made assump- 
tion which has not been mentioned up to this point 
and which is usually considered indisputable: 
the number of electrons excited by the light is 
proportional to its intensity (yZ ). This relation 
can be violated in two ways. 

1) Absorption of light causes an impoverish- 
ment of the phosphor due to electrons which are 
not yet excited, i.e., y depends on LE, becoming 
smaller with an increase in the latter. Obviously 
this effect would be of most importance in non- 
quenched phosphors, which store large light-sums, 
where it should tend to make the functional depen- 
dence of /(n) less than linear. Aside from the 


ence at the 


fact that this is not found in our case, ( thus 
strengthening the idea that it does not occur in 
quenched phosphors), such an assumption would 
only worsen the difficulty since, as is easily 
shown, it can lead only to a lower value for s. 

2) The excitation of electrons in the phosphor 
is not a one-step process. In the first stage the 
excited electrons are trapped and form the ‘first 
light-sum’”’. A second excitation of these electrons 
forces them into other states in which they consti- 
tute the ‘ ‘second light-sum’’ which can be dis- 
sipated both by radiative and nonradiative transi- 
tions. Although this picture of the phosphor mech- 
anism may seem strange, as we shall show below, 
it favors many experimental facts associated with 
photoconductivity.® The theory based on these 
ideas is found to be in good agreement with the 
experinental material we have presented above. 

5. We begin with a consideration of a simple 
formal scheme for a two-step phosphor mechanism 
(Fig. 2). Let 1. be the number of electrons in 
the unexcited state,n_ the number. at an ““inter= 
mediate’’ trapping fevel from which ( in the parti- 


a) 


HIGs 2. 


cular case under consideration) radiative transitions 
cannot be performed (n | is es first light-sum’’), and 
n, the number of electrons in the ** excited”’ levels 
from which radiative transitions to the ‘‘ ground”’ 
states are possible (7, is the“second light-sum’’). 
We shall take n, to be infinite. Then the kinetic 
equations, under the assumption that all transitions 
in the scheme are of pseudo-momomolecular nature, 
take on the form 


ane / dt =S— (a9 aa Boo) Up) + TwEM, 
dn, | dt = — (Pio + Y12 E) ta + Yor E%o. 


(20) 


The quantities By,, By, express the probabili- 
ties for the respective nonradiative transitions, 


——— 


8y. &. Lashkarev and G. A. Fedorus, Izv. Akad. Nauk 
SSSR Ser. Fiz. 16, 81 (1952). 
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X59 is the probability for a radiative transition, 
Y,, is the probability for secondary excitation, 
and y,, nz, is the probability for primary excita- 
tion. Then inthe simplified theory, the solution 
of equations (20) will have for the first light-sum 
the form 


M100 3 {o1EN, [ (P10 le Yi) (21) 
(stationary light sum) 
(22) 


ity = Myo Pot (decay) 


ibe (1 a= e— (Pi ¥2F)F) (growth) (23) 


and for the second light-sum 


a= ite ny AG (24) 


(stationary light sum) 


29 
Nz = Ngxe—“" (decay) oe 


Aare Spe 
Ne = tw (1— 7p? 2 to) 


+ = B os) (growth) 


\where A and 8 indicate: 


A = % 9 + Boo, B= + rF. (27) 


If, in place of the quantities A and B, we introduce 
the quantities T4=V/A and Tp=l/B and make use of 


Eq. (24), then the expressions for decay and growth 


of luminescence take on the following forms: 


Ny, = nea ; (25°) 


men '<3) 


—tm(1—e *4)]. 


We now consider the extent towhich the expres- 
sions (24)-(27) are capable of describing the kine- 
tics of luminescence in the quenched phosphors 
which are of interest here. From (24)-(27) it is 
apparent that the second light-sum n increases 
more rapidly than linear with respect to E if B fp 
is comparable with Maio tes Inasmuch as we are 
considering the luminescence to be pseudo-mono- 
molecular, the intensity of luminescence [=«99 1%» 


depends on £ in exactly the same fashion. The 
decay (25) is exponential and its rate does not de- 


(26 *): 


pend on£ . Onthe other hand, the form of the 
erowth curve (26) depends on £ through the quantity 
B. As is shown by (26 ), the growth is given by 
the sum of two increasing exponential terms of 
different sign and with time constants proportional 
to their amplitudes. It is not difficult to show that 
the growth curve behaves parabolically at the begin- 
ning. Expressing (26) as a series with respect to 

t and limiting ourselves to terms up to t? | we have 


> 
Oslin — 2/2 Cooler ae a 


It is apparent that the growth behavior in the para- 
bolic region is independent of A and 5. 
We now form the ratio s. From Eqs. (25) and (26) 


we obtain ( after integration) 


Oo Moan ( uy Ge olla, 


S = tA: 


It is obvious that the quantity s can assume 
values greater than unity. The increase in the 
magnitude of s with increasing temperature, which 
is observed experimentally, can be interpreted, for 
example, by assuming that the quenching probabil- 
ity for the second light-sumn,. increases faster 
than the quenching probability for the first light- 
Sum 7) + Thus the notion of a two-step excitat- 
tion process yields a possible explanation of all 
the characteristics of the kinetics of quenched 


prep aa which were indicated earlier: the more- 
than-linearity of the steady-state luminescence, the 


dependence of the form of the growth curve on E, 
the parabolic behavior at the beginning of the 
growth curve, the exponential decay, and the large 
value of the ratio s. We emphasize once again that 
these results are obtained on the basis of a pseudo- 
monomolecular recombination mechanism. 

6. The hypothesis of a two-step excitation mech- 
anism in phosphors, which brings the theory into 
agreement with experiment for strongly quenched 
phosphors (high temperatures) cannot be disre- 
garded when considering unquenched phosphors 
(the same materials at ordinary temperatures). In 
fact, the number of electrons in the 1-levels (Fig.2) 
must be larger for unquenched phosphors and their 
trapping ‘‘ stability’’ (in the thermal sense) great- 
er. Direct optical excitation 0-2, which is con- 
sidered virtually impossible at high temperatures 
(this is one of the fundamental hypotheses of the 
proposed theory), should be still less probable at 
low temperatures ( since the thermally introduced 
energy, which, in general, might ‘‘free’’ excited 
electrons from the initial fast trapping at the 
1-level will be smaller at low temperatures). Thus, 
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in any case , we must show that the two-step exci- 
tation does not contradict the experimental data 
on the properties of the phosphors at low tempera- 
tures. 

We now give a more exact system of equations 
for the two-step mechanism which takes into account 
an effect which we have neglected in forming sys- 
tem (20). We have in mind the fact that the addition- 
al absorption at the l-level reduces the absorption 
at the ground 0-level so that E, the total number 
of light quanta incident in one second on the phos- 
phor, can be divided into two parts: 


(29) 


YoutZo 


Se Ug Y12!y 
Yoo + Viol, 


Yoo + Yieity ~’ 


which are absorbed respectively at the 0-level and 
the l-level. In this connection we assume that the 
number of electrons in the 0-level is virtually infin- 
ite so that a reduction of their absorption is to be 
associated not with a smaller number, but rather 
with the fact that electrons in the ]-levels, as 
though shielding the electrons in the 0-levels, tend 
to intercept the exciting-light quanta. Hence our 
more exact equations assume the form 


(nae (30) 
dt ~ Yoatty + Taam "1 — (X20 + Pao) M93 
(31) 
Eyo1Mo 


Youllo + Y12%y1 2 


We solve these for the case in which there is no 
quenching: B,)=B,,=0. Calling y,./yo\n9=y 
and yn,;= we have, in place of (31), 


(1/Ey)de/dt =(1—¢)/(1 +9). (32) 
the solution of which is 
(l—¢)?er = Ce—E*t, (33) 


The constant C is determined from the condition 
n,=0, whence ~=0 at t=0. Then from (33) we have 
C=1. The steady-state value of ¢ (fort) is ob- 
viously equal to unity. Thus the steady state value 
will be 

Myo = 1/% = Yorto/ T12- (34) 
Whence, taking (29) into account, we obtain the 


following results: in the steady state (no quench- 
A Dakelt of the quanta are absorbed in the 0-level 


and the other half at the 1-level. It will be seen 


for ny 
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that the result does not contradict our assumption of 
no ‘*impoverishment’’ of the 0-levels if it is as- 
sumed that y,5 >> y 91> 1.-€., if it is assumed that 
the absorption probability in the 1-levels is much 
greater than the absorption probability in the 0- 
levels. We call attention to the fact that the ex- 
pression for 1) (34) coincides with formula (21), 
which is obtained by the quenching case, if we set 
B =0 in the latter. As is apparent, Nj =const 
and is also independent of E. Physically, this 
result is similar to the well known discovery due to 
Antonov-Romanovskii concerning the light-sum 
storage limit as a function of the stimulation 
properties of the exciting light ( cf. reference 7). 

We now consider the quantity n,. Formula (31) 
can be rewritten in the form 


dn, / dt = Eo] (1 + ¢) = — ote, (35) 


whence, by (33) we have for the steady-state lu- 
minescence 


—(e+E vt) /2 FE (36). 
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Thus the steady-state luminescence is propor- 
tional to the intensity of the exciting light and has 
a quantum yield equal to 0.5. 

We now show that the quantity no(t) increases 


initially according to a quadratic law. Consider- 
ing (33) at small ¢ we have ~ E yt, whence, to 
the same accuracy, Kq. (35) yields 


(37). 
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Thus our scheme predicts two well known properties 
of the nonquenching case: the linearity of the | 
steady-state luminescence and the quadratic depen- | 
dence of the luminescence intensity of the phosphor _ 
for ‘ ‘ pulse excitation’’ (Antonov-Romanovskii, 
Levshin). It is worthy of note that the latter result 
has been obtained under the assumption that recom- 
bination takes place not according to a bimolecular 
law, but rather according to a pseudo-monomolecular 
relation (J~ «n and not /~«n2), As in the strong 
quenching case the decay exhibits an exponential 
dependence on the time 

1T=lme %, (38). 
This result does not agree with experiment} but 
may perhaps be explained by the crude nature of the 
scheme under consideration here ( in particular the 


7yV. V. Antonov-Romanovskii, Izv. Akad. Nauk SSSR Ser. 
Fiz. 15, 637 (1951). 
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existence of levels at only one depth). 

7. We have considered the possibility of a two- 
step luminescence excitation mechanism inasmuch 
as we are convinced of the impossibility of satis- 
fying the experimental data on quenched phosphors 
through the use of a one-step theory. There are, 
however, other facts which give much more direct 


evidence for the validity of a two-step mechanism. 
Lashkarev and Fedorus” have observed photocon- 
ductivity in certain single-crystals of CdS in which 
the steady-state value Ao, as a function of the 
intensity of the exciting light is given by the rela- 


OS 


wee 


TWO-STEP EXCITATION MECHANISM 


tion Ao, ~E*/? (over a particular intensity range). 
The existence of such a “‘more-than-linear”’ dependence 
for Ac, can be explained only by a two-step exci- 
tation mechanism, although the possibility exists 
that a one-step mechanism may also be playing a 
role. A two-step mechanism for the excitation of 
photoconductivity was also postulated by Lashkarev. 
We have also observed “~ a marked ‘ ‘ more-than- 
linear’? dependence for Ag, in copper-activated 
polycrystalline cadmiumeqiide: In certain cases 
this dependence is found to be purely quadratic 
Ao Bed (see Fig. 3a and 3b). This semiconduc- 


Fic. 3. CdS—Cu, crystal; a-y=546 mp, 6-y=578 mp 


tor exhibits phosphorescence in the red-infrared 
region of the spectrum; the dependence of the 
steady-state luminescence /,, on the intensity of 
excitation E is found, in certain cases, to be close 
to quadratic. The growth curve has an inflection 
at its beginning and goes much slower than the 
decay curve (L >>L ,). In other words the lumines- 
cence in this material displays all the characteris- 
tic properties mentioned above in connection with 
quenched sulfide phosphors. Consequently, if one 
assumes that the photoconduction and luminescence 
mechanisms in CdS-Cu are not separate and inde- 
pendent, it is reasonable to assume that the two- 
step excitation which is responsible for the ‘ ‘quad- 
ratic’’ photoconductivity in this material is also 
responsible for the ‘‘quadratic’’ luminescence. If 
this is so, it would seem that the origin of the 

** quadratic”’ behavior of luminescence in quenched 
ZnS-Cu and similar phosphors (exhibiting the same 


characteristics as CdS-Cu) lies in a two-step mech- 
anism and that it is unnecessary to look for any 
other explanation; this reasoning is even more com- 
pelling when one considers that the alternative bi- 
molecular scheme, as we have shown, is in disagree- 
ment with a large number of experimental criteria. 
For these reasons it deems desirable to analyze 

in detail the results which can be obtained from a 
more complete theory of phosphorescence and photo- 
conductivity based on a two-step excitation mech- 
anism and to compare these results with experi- 
ment. This project will be the subject of a forth- 
coming paper. 


++This work was carried out in conjunction with 
B. T. Kolomiits. 


Translated by H. Lashinsky 
aA 
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General Theory of Relativity or a Theory of Gravitation? 


M. F. SHiroKov 
(Submitted to JETP editor, September 14, 1954) 
J. Exptl. Theoret, Phys. (U.S.S.R.) 30, 180-1 84 (January, 1956) 


Na series of articles, V. A. Fock!~> gives a 
I new interpretation of the general theory of rela- 
tivity, according to which its physical content con- 
sists entirely of the familiar law of universal grav- 
itation of A. Einstein 


Ry — eR = ve RT, (1) 


which determines the deviation of the metric of 
space-time from the Galilean metric. In contradic- 
tion to the general principle of relativity, it is as- 
sumed that a preferred reference system exists 


with coordinates which satisfy the ‘ ‘harmonic’”’ 
condition: 


0(V g g*)/0x" = 0. (2) 


Hence in the articles of Fock cited above it is 
proposed to replace the designation ‘‘ general 
theory of relativity’’ by another: ‘‘theory of gravi- 
tation’’.* This proposal involves not merely a 
change of terminology, as has been assumed by 
some physicists, but a fundamentally different 
interpretation of the general theory of relativity, as 


is seen from the following quotations: 

‘*From what has been said it is clear that the use 
of the terms ‘‘ general relativity’’, ‘ ‘general theory 
of relativity’’ or ‘‘the general principle of relativ- 
ity’’ is inadmissible. It not only leads to misun- 
derstandings, but reflects an incorrect understand- 
ing of the theory itself. Paradoxically, such a lack 
of understand ing has been shown by the very author 


? 


of the Einstein theory...’’ (p. 135 in reference 5.) 


*Unfortunately, this point of view of Fock, at best 
controversial, has been reflected in the new edition of the 
“*Great Soviet Encyclopedia’’, in which, in the article 
““* Relativity, Theory of’’ only the special theory of rela- 
tivity is treated, and instead of an article on the general 
theory of relativity an article ‘ ‘Gravitation, Theory of”’ 
is planned. 


lv. A. Fock, J. Exptl. Theoret. Phys(U.S.S.R.)9, 
375 (1939). 

2V. A. Fock, Nicholas Copernicus, Acad. Sci. USSR 
(1947). 

3Some Applications of the Ideas of N. 1. Lobachevsky 
in Mechanics and Physics, GTTI, 1950. 

4vV. A. Fock, Modern Theory of Space and Time, 
Priroda, 12, 1953. 


eV. A. Fock, Voposy filosofii (Problems of Philo- 
sophy) 4, 1955. 
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‘* As for accelerated motion, the principle of rela- 
tivity is inapplicable to it, to say nothing of the 
fact that the very concept of the ‘‘ accelerated 

* is not clearly defined’’ (p. 25 
in reference 4). ‘‘The principle of equivalence has 
a strictly local character ( in space and time) and 
is applicable only to weak and homogeneous fields 
and slow motions: only under these conditions can 
one replace, in an approximate manner, a field of 
acceleration by a gravitational field, and vice ver- 
sa. As a general principle, it is, in general, in- 
correct”’ (p, 25 in reference 4) ‘‘ Thus, in itself, 
the covariance of equations is by no means the 


reference system’ 


expression of any physical law’’ (p. 133 in refer- 
ence 5). 
What has been said above prompts us to make cer- 


tain observations concerning the problem formulated — 
in the title of the present article. 


1. DOES THE GENERAL PRINCIPLE OF RELA- 
TIVITY HOLD IN NATURE? 

Mathematically this principle is expressed in the 
covariance of the fundamental equations of physics 
with respect to a rather extensive class of coordi- _ 
nate transformations, including also changes of all | 
kinds from one inertial or non-inertial reference | 
system to another. The physical essence of the 
general principle of relativity reduces to the fact 
that the curvilinear nature of space-time coordi- 
nates is manifested in the existence of two fields: 
gravitational and inertial, which underlie various 
physical effects existing in nature and possessing 
objective reality. 

In the absence of gravitational fields the Rie- 
mann-Christoffel curvature tensor vanishes: 


Rove = 0. (3) 
This equality is the necessary and sufficient 
condition for space-time to be Galilean. In such a 
space, a coordinate’ system can always be construc- 
ted, which satisfies, upon introduction of the imag- 


inary time coordinate x, =ict, the requirement: 


ee) Ey eee (4) 
In the presence of gravitational fields, on the 
other hand, Eq. (3) is no longer satisfied, space- 
time is no longer Galilean, and its metric is deter- 


mined by the equation of gravitation (1). 
The opinion is expressed? that the difference 
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between the ‘‘ special’’ and ‘‘ general’’ theories 


of relativity reduces only to whether Eq. (3) is 
satisfied or not; it is also asserted that in the 
‘*special’’ theory, while Eq. (3) is valid for the 
coordinates, the general covariance of the equa- 
tions is trivial and has no physical content. If 
this were so, the general theory of relativity would 
in fact reduce fully and completely to the theory 


of gravitation formulated in the form of Eq. (1), 
which determines the properties of spaces which do 


not satisfy Eq. (3). Actually, however, the situa- 
tion is different. The region of application of the 
special theory of relativity is considerably nar- 


rower than the region defined by Eq. (3), and is 
limited to the reference systems which satisfy 
Eq. (4). 

There is an essential difference between require- 
ments (3) and (4). Eq. (4) is satisfied by all iner- 
tial reference systems, without gravitational field, 
and with coordinate meshes (nets) which are con- 
nected with each other by linear Lorentz transfor- 
mations. But Eq. (3) is satisfied also by all 
non-inertial reference systems which do not con- 
tain gravitational fields. In these latter, however, 
there appear the effects of the fields of inertial 
forces on the course of mechanical, electromagnetic 
(optical) and other processes which can in no way 
be explained on the basis of Lorentz transformations, 
i.e., within the framework of the special theory of 
relativity. 

It is also very essential that in non-inertial sys- 
tems, when Eq. (3) for space to be Galilean is sat- 
isfied, the metric of space-time does not satisfy the 
conditions (4). In particular, Einstein himself has 
pointed out the possibility of deviations from the 
Euclidean properties of space in non-inertial refer- 
ence systems (e.g., rotating systems). It is well- 
known, however, that in the special theory of rela- 
tivity the axioms of Euclidean geometry are valid 
for space. 

Thus, the extension of the principle of special 
relativity to phenomena satisfying Eq. (3), com- 
bined with a denial of physical content to the gen- 
erally covariant formulation of the laws of nature, 
reduces, in fact, to a denial of the objective real- 
ity of the fields of inertial forces and of specific 
effects produced by them in non-inertial reference 
systems, many of which have been experimentally 
demonstrated a long time ago. This makes it nec- 
essary to generalize the principle of relativity to 
inertial* reference systems also, i.e., to formulate 
the general principle of relativity as a physical 
assertion, which reflects the objective reality of 
nature. 


*Translator’s note: It would appear that this word 
66 ¢ * 99 
should be “‘non-inertial. 
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2. DO PREFERRED REFERENCE SYSTEMS 
EXIST? 


In the references 1-5 the existence of privil- 
eged, or, in our terminology, preferred, coordinate 
systems, defined by these solutions, is inferred 
from the fact of uniqueness of the solutions of the 
equation of gravitation (1) with the harmonic con- 
dition (2) for coordinates and boundary conditions 
(4) at infinity for isolated aggregates of matter. 
The existence of such solutions is therefore re- — 
garded as a weighty argument against the general 
principle of relativity. They are, indeed, deter- 
mined by equations (1) and (2), the second of which 
is obviously not covariant with respect to general 
coordinate transformations. 

Without doubt the solution quoted, whose dis- 
covery was to a considerable degree facilitated by 
a fortunate choice of condition (2), has considerable 
value and scientific interest. However, its unique- 
ness would be an argument against the general 
theory of relativity only if Eq. (2) were the expres- 
sion of some physical law. Then the law of uni- 
versal gravitation would be formulated by Eqs. (1) 
and (2). However, Iq. (2) is simply an arbitrary 
condition which defines the system of coordinates 
in which it is most advantageous to seek the solu- 
tion of the proposed problem. The choice of the 
harmonic coordinates (2) is, in a sense, equival- 
ent to the choice of cylindrical, spherical, and 
other coordinates convenient for the solution of the 
given problem. 

It is, however, necessary to make completely 
clear the concept of a preferred reference system. 
Actually, in Newtonian mechanics, such a system 
was taken to be one in which the center of inertia 
of a given collection of matter is at rest or moves 
uniformly and rectilinearly. The existence of the 
center of inertia was guaranteed by the laws of 
conservation of mass, energy, momentum and angu- 
lar momentum. Such a concept of a preferred ref- 
erence system for an isolated collection of matter 
can be formulated also in the general theory of 
relativity, since in this theory also it has been 
shown that the theorem concerning the center of 
inertia holds in generally covariant form, i.e., for 
arbitrary coordinate systems, but with the Gali- 
lean conditions (4) at infinity. 

In accordance with this theorem, and without any 
contradiction with the general theory of relativity, 
the heliocentric system of coordinates of Coper- 
nicus will be a preferred system for our planetary 
system even in the general theory of relativity. 


°lu. M. Shirokov, J. Exptl. Theoret. Phys. (U.S.S.R.) 
21, 748 (1951). M. F. Shirokov, J. Exptl. Theoret.Phys, 
(U.S.S.R.)27, 251 (1954). 
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For this reason, a negative solution is given to the 
problem of equivalence of the Copernican and 
Ptolemaic systems, which is thought to follow from 
the general theory of relativity by some physicists 
and philosophers abroad. To this it must be add- 
ed thata rotating reference system can exist in 
reality only in limited regions of space’, as a 
result of which the geocentric system of Ptolemy 
for the world as a whole does not exist in nature. 


3. IS THE PRINCIPLE OF EQUIVALENCE OF 
INERTIAL FORCES AND GRAVITATION 
CORRECT? 


The general principle of relativity contains in- 
herently the principle of equivalence of gravita- 
tional and inertial forces, without which the gener- 
ally covariant formulation of the equations of phy- 
sics is altogether impossible. This is the reason 
why Einstein’s efforts to create a general theory 
of relativity have led him to formulate a new law of 
universal gravitation. The physical essence of the 
principle of equivalence consists in the identity of 
the physical actions of fields of inertial and gravi- 
tational forces in spite of their different origin.. 
For instance, the equation of a geodesic is a dif- 
ferential equation of the trajectory of a small test 
body in gravitational as well as inertial fields, and 
it is impossible to separate them at a given point 
of space. The equations of electrodynamics, mech- 
anics of continuous media, etc., also have the 
same form in the fields of both inertial and gra- 
vitational forces. 


The principle of equivalence holds exactly only 
locally, i.e., only at a given point of space-time. 
This is quite sufficient for the formulation of phys- 
ical laws in a generally covariant form. The fact 
that the principle of equivalence does not hold for 
the entire gravitational field as a whole means that 
it is impossible to interpret gravitational fields 
purely kinematically, and cannot be regarded as an 
objection against the principle of equivalence in 
its present form. 


4, REMARKS CONCERNING PROSPECTS OF 
APPLICATION OF THE GENERAL THEORY 
OF RELATIVITY TO PHENOMENA OF THE 

MICROWORLD 


The general theory of relativity is usually re- 
garded to be applicable only to macroscopic phe- 
nomena, for instance the motion of celestial bodies 
in astronomy. Does it have any prospects of appli- 
cation to processes taking place in the microworld? 


7L. Landau and E. Lifshitz, Classical Theory of 
Fields. 


We should like to point out here certain circum- 
stances which are of significance for a correct 
answer to this question. 

It is well known that in recent years a consistent 
covariant formulation of quantum electrodynamics 
(Schwinger, Feynman, Tomonaga and others), with 
respect to Lorentz transformations has led to markec 
successes in achieving a clearer formulation of the 
theory and in interpreting certain new experime n- 
tal data. This makes it possible to hope that a 
still more complete generally covariant formulation 
of the quantum theory of fields and particles may 
turn out to be fruitful in view of its undoubtedly 
greater physical content (due to account being 
taken of gravitational and inertial fields). Even 
if it should turn out that these fields do not play 
an essential role in the processes of the micro- 
world, the very proof of the correctness of this 
supposition could be regarded as an important 
result, since at present it is usually assumed with- 
out any serious attempt at justification. It should 
be pointed out, however, that certain calculations 
of a methodological character in the classical theory 
of fields and particles suggest doubts as to its 
correctness. It turns out that even in the well- 
known linear and non-linear generalizations of 
electrodynamics due to Born-Infeld and Bopp-Pod- 
olsky, in which point charges do not lead to di- 
vergences and possess a finite electromagnetic 
mass, the hypothesis of weak (Newtonian) gravi- 
tational field, assumed in these theories, is not 
fulfilled, and this results in a substantial con- 
tribution to the mass of particles®”” 


CONCLUSIONS 


The general theory of relativity is a physical 
theory concerning the dependence of the properties 
of space and time on matter and its motion. This 
theory is based on the assumptions of identity 
(covariance) of the laws of nature in all inertial 
and non-inertial reference systems which exist or 
can objectively exist in nature (general principle 
of relativity), and on the law of universal gravi- 
tation (1). The theory contains two universal con- 
stants: c-the velocity of light in inertial refer- 
ence systems without gravitational fields, and 
k-the constant of gravitation, which occurs in 
Eq. (1) of the law of universal gravitation. The 
first expresses the mutual connection between 
space and time, and the second the dependence of 


eu. F. Shirokov, Vestnik Moscow State Univ. 4, Ou 
(1 947). 


ae Pugachev and M. Shirokov, J. Exptl. Theoret. 
Phys(U.S.S.R.)24, 375, 1953. 
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the properties of space-time on matter and its 
motion. 

The interpretation of the general theory of rela- 
tivity as only a theory of gravitation,while reject- 
ing the general principle of relativity as a law of 
nature, is unacceptable because it leads to a denial 
of the objective reality of the fields of inertial 
forces and all physical effects (mechanical, electro- 
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dynamic, etc.) caused by them. 

The division of the theory of relativity into 
special and general has no fundame ntal significance, 
and results from practical considerations in using 
the theory in various degrees of approximation. 


Translated by A. V. Bushkovitch 
Wee 
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The Electron Spectrum of y 237 


S. A. BARANOV AND K. N. SHLIAGIN 
(Submitted to JETP editor, April 19, 1955) 
J. Exptl. Theoret. Phys. (U.S.S.R.) 30, 225-230 (February, 1956) 


The electron spectrum of U237 was investigated on a 7\/2 focussing angle magnetic B 


spectrometer, beginning with electron eT abe of 1 kev. 
4 kev (26%) and Eop= 
237 were computed from the conversion electron lines; 26; 33; 43; 


were determined, with ea limits Eo a= 
following y transitions for Np 


Two components of the spectrum 
549 kev (74%). The 


60; 69(?); 101(?) 124(?); 165; 193(?); 208; 267; 331; 370 and 436 kev. A tentative decay 


scheme of U?3? is given. 


T he study of the decay of U?97 has been clari- 
fied by several researches.!-4 However, these 
investigations, with the exception of the last,4 
were not carried out with sufficient accuracy, and 
do not give the complete picture of the decay of 
U?37, We have undertaken to carry out more care- 
fully the study of the electron spectrum of U237) 
including the low energy region, on a spectrometer 
with increased resolving power and light sum. 


APPARATUS 


A magnetic $8 spectrometer with double focus- 
sing of the electrons at an angle of m/Z was em- 
ployed for the study of the electron spectrum of 
U?57, 5 The radius of the central trajectory of the 
electrons was T)=22.5 cm, The resolving power 
of the spectrometer, determined by the relative half 
width of the conversion line of Ba??? (Cs!37, Apa 
661.6 kev) for a source width of 1.5 mm, coincided 


ny Nishina, T. Yasaki, H. Ezoe, K. Kimura and M. 
Ikawa, Phys. Rev. 57; 1182 (1940). 


2m. McMillan, Phys. Rev. 58, 178 (1940). 


°L, Melander and H. Slatis, Arkiv. Mat. Astr. Fys. 
A36, No. 15 (1948). 


4 
F. Wagner, Jr., M. S. Freedman, D. W. Engelkemeir 
and J. R. Huizenga, Phys. Rev. 89, 502 (1953). 


°S. A. Baranov, A. F. Malov and K. N. Shliagin, 
Apparatus and Techniques of Experiment 1,1, 1956). 
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with the calculated value and equaled 0.3%. 

The U2" source has the dimensions 1.5 x25mm7} 
for it, the relative halfwidth of the conversion lines 
had a value > 0.3%. The deviation from the com- 
puted value (0.3%) is explained by the effect of the 
thickness of the source. The relative solid angle 
of the spectrometer amounted to about 0.43 % of 
47. 

A vacuum of ~10°° mm was maintained in the 
spectrometer chamber. The intensity of the mag- 
netic field at the central orbit was measured by the 
ballistic galvanometer method. The magnetic field 
of the spectrometer was calibrated by the conver- 
sion line of Ba!®”, 

The electrons were recorded by a single cylin- 
drical Geiger-Muller counter. A window (dimen- 
sions 1.5 x 25mm”) was located on the lateral 
wall of the counter to admit electrons. The win- 
dow was covered by a celluloid film of thickness 
~10°° cm. The film was supported by a tungsten 
wire grid ( g 0.04 mm, spacing ~0.3 mm). The 
counter was filled with a gas mixture of argon 
and ethyl alcohol ( 10% alcohol, 90% argon). The 
pressure of the mixturewas~50mm mercury. The 


voltage level of the counter was 100-150 v. Pulses 
from the counter were recorded by the usual count- 


ing apparatus of the type PS-64. 
PREPARATION OF THE RADIOACTIVE SOURCE 


For the investigations, the preparation of U?%", 
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which decays with a halflife of 7=6.7 days, was 
obtained as the result of exposure of the isotope 
U2°® to neutrons, the reaction being j RF eg OS y) 
U?%". Isotopic analysis of the product showed 
that it contained ~ 91% U236 (by weight). The 


amount of U238 was negligible. 
The irradiated specimen was ‘* seasoned”’ for 
some time before chemical purification, in order 
that any U?°° (formed as a result of the presence of 


a small amount of U238 ) might decay (halflife= 
23.5 min). After this the specimen was carefully 
purified chemically, to remove Np 29° and other 
foreign radioactive isotopes not belonging to tra- 
nium. 

The radioactive source U?? was prepared from 
the nitrate salt of uranium, by precipitating it 
from a water solution on a thin organic film 
(thickness 10°75 cm). A narrow (1.5 x25mm”) semi- 


transparent strip of aquadag was first placed on 
the latter. The aquadag guaranteed a good wetting 
of the film and the necessary conductivity of the 
source. This source had a surface density in the 


active layer of ~ 20 gm/cm” 


RESULTS OF MEASUREMENT 
The electron spectrum of U?3? is shown in Fig. 1. 
As is seen from the drawing, a number of lines of 
Auger electrons are observed in the soft part of the 


spectrum. A series of conversion lines, not pre- 
viously observed, were also discovered. 

Analysis of the 8 spectrum with the aid of a 
Kurie graph (Fig. 2) permitted us to separate two 
partial spectra with bounding energies and inten- 
sities, respectively equal to 249 +5 kev (74%) and 
84 +5 kev (26%). For the given B transitions, lg ft 
=6. The transitions under consideration are evi- 
dently related to transitions of first order of for- 
biddenness (tensor variant, A/=0; +1), having 
spectra which coincide in form with resolved spec- 
tra. A small number of experimental points in the 
intervals between the conversion peaks do not per- 
mit us to draw any conclusion as to the actual 
form of the partial spectra. 


Beta transitions with ee > 260 kev were not 
discovered. The number of observed electron lines 
amounted to more than 50, whereas the number 
given in the work by Wagner et al‘, was about 20. 

Multiple recording of the electron spectrum 
showed that all the conversion lines coincide with 
the halflife of U?*’ (7=6.7 days). This once again 
verifies the purity of the preparation used. The 
results of claculation of the kinetic energy of the 
conversion electrons, and also the value of the 
energy of the f transitions are given in the table. 
Here there are also given the relative intensities 
of the conversion lines and the multiplicities of 


some transitions. The interpretation of the lines 


Interpretation of electron lines 


Pe 


f Intensity ; aac 
Energy o ; a : lative ntensity in 
Sonera elegirone. 1 onrerston" Lrensition pe ed aneey Co eons arbitrary 
line in kev aot and multiplicity E,=249 keV units 
{ 4,1 Ly 26,5 ) 
Lines appear to be 
2 4,8 =~ ee anit Auger electrons 
4 8,8 Lies 26,4 } 
7 10,8 Ly Boece ) 
8 11,7 Ly 33,3 | lines appear to be 
10 (ams Lin BO the Bone Auger electrons 
-10-2 68 
1B gf M, 33,4 | 1,9-10 Os 
14 32 N spe) 
oe Dandy < 0,97 
{1 Pal Ly Goo 
é I 13.6 43.9 
a + Al Rc E2+ MI! | 46.107 ope 
ie Ueto) Lig 43,4 
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Intensity 73K 
No. of Energy of | Conversion | Transition energy in kev relative Intensity ae 
electron electrons Shell and multiplicity to B spectrum] arbitrary 
line in kev E,=249 keV units 
16 38,1 i 59,7 59,7 a 
e i I | Et 4! M2 27 Sed0 1,0 
/ Bye Lin 09,8 f bye LOn 2,85 
19 54 M, 59,7 || 22-1072 0,79 
20 58,3 N 59,8 } 
18 46,8 Ly 69,2 ] very weak lines 
21 ~~62,0 M, ~68,0 } 69 (?) 
29 ~69,0 N eo. we 
99 ~79.0 e AOL very weak lines, 
: | possibly Auger 
24 Her) Lint AOI HON C2), electrons 
26 06/2 M ~101 | 
hss very weak lines, 
27 ~100 Ly AZ3 possibly Auger 
7a ~A07 lon ~125 ‘ ~124 (?) electrons 
18 46 ‘ 165 
29 14 ie : foe rae ie 
uv tte ’ II re 
' 2 6,6-10 3 0,24 
30 1482 Lin 165,8 oe 
32 159,7 M, 165,4 &2+ M1 SOLO mS On 
33 163,9 N, 165,4 
22a ~75 K ~193 ~193 (?) Possible Auger 
25 90,0 K 208,2 ) ae ae 
34 185 ,6 Ly 208,0 | 208,2 | 9,0-407 3,2 
30 202,7 M, 208 , 4 Mi DevliO a2 0,72 
36 206 ,2 N, Ott HOA Ome O,27 
Sil 149 ,3 K ST ) ki 
very weak lines 
38 244,6 Ly yA AO PAST AO) . 
40 262,5 M, 268,1 | 
7 213,3 K 331,5 
41 308,8 L, 331,2 } 
42 326 3 M 332) Soll 5) very weak lines 
39 201 ,4 K 369 ,6 ) 
43, 346,7 L, 369,1 $ 
44 370 N 374 J 369,5 very weak lines 
4la 317,8 K 436 ) 
45 413,2 Ly 436 ,6 
45a 418,17 fie 436,3 $ 
46 428 ,3 M puey | ~436 very weak lines 
47 433 ,8 N ~435 3 ) 
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of the Auger electrons (soft) was not carried out. 


The tables show that the observed lines are de- 
termined by the following transitions of the Np237 
nucleus: 26.4; 33.3; 43.5; 59.7; 69 (?); 101 (?); 
124 (?); 165; 193 (?); 208, 268; 331; 370 and 436 


kev. 

On the basis of the experimental results here, 
and of data on the investigation of the electron and 
« spectra of Am?4! | a tentative scheme of the 
levels of the nucleus Np?°” was constructed, and 
is shown in Fig. 3. 

The problem of the spins and even energy levels 
are discussed in another work.* 

We consider it our duty to thank G. N. Iakovlev 
for carrying out the chemical part of this research 
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and also P.S. Samoilov who furnished assistance 
in the taking of the 6 spectrum of U2? 


*Note added in proof. The work was published in 
1955". The results of the cited and present researches 


permit us to determine the spin of the ground state of 
U237. It is equal to +1/2. 
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Nucleomesodynamics in Strong Coupling. |. Approximate Method. 
Spin-Charge Motion 


S. I. PEKAR 
Physics Institute, Academy of Sciences, Ukrainian SSR 
(Submitted to JETP editor July 28, 1954) 
J. Exptl. Theoret. Phys. (U.S.S.R.) 30, 304 (1956) 


In the approximation of infinitely heavy nucleons and strong interaction with the meson 
field, we develop an approximate method and the associated mathematical apparatus 
which makes possible explicit determination of the wave functions and energy eigenvalues 
of the system. The mesons are assumed to be pseudoscalar, the coupling to be symmetric 
pseudovector (gradient) coupling, and the nucleon is assumed to be an extended source. 
Using the approximation method, the Hamiltonian of the system is simplified, and the spin- 
charge part of the system wave function is separated off and determined along with the 


corresponding energy. 


1, INTRODUCTION 


I N previous papers on this same subject!»?, it 
was assumed that the spin-charge and trans- 
lationd motion of the nucleon follow the relatively 
slow oscillations of the meson field adiabatically. 
To solve the problem, mathematical methods were 

used which are similar to those in the theory of 
polarons. Further investigations showed that in 
the most important case of nucleons and 7-mesons 
the interaction is actually not as strong as is nec- 
essary to make the translational motion follow the 
meson field oscillations adiabatically. Quite the 


1S. 1, Pekar, J. Exptl. Theoret. Phys. (U.S.S.R.) 27, 
398 (1954). 


2S. 1. Pekar, J. Exptl. Theoret. Phys. (U.S.S.R.) 27, 
411 (1954). 
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contrary, the vibrations of the meson field are adia- 
batic relative to the translational motion of the 
nucleon. Therefore, in zeroth approximation, we 
should consider the spin-charge motion and the os- 
cillations of the meson field for the case of a 
fixed (infinitely heavy) nucleon. This is done in 
this and the succeeding paper. 

Thus, in contrast to the above-mentioned earlier 
papers, we shall assume that only the spin-charge 
motion follows the meson field adiabatically, and 
shall, as before, use the methods of the theory 
of polarons? in treating this motion. In an earlier 


paper’ it was shown, without the use of any ap- 


3S. I. Pekar, Studies in Electron Theory of Crystals, 
GTI, 1951. (also available as Untersuchungen uber 


die Elektronentheorie der Kristalle, Akademische Verlag, 
Berlin, 1954), 


4S. I. Pekar, J. Exptl. Theoret. Phys. (U.S.S.R.) 29, 
599 (1955). 
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proximation methods (strong or weak coupling, 
quasistationary approximation, etc.), that, at least 
in the case where we treat the translational motion 
of the nucleon non-relativistically, no stationary 
solution of the wave equation of the system exists 
in the case of pseudovector coupling. We shall 
therefore assume the nucleon to be an extended 
source. ' 

The problem treated here was first investigated 
by Pauli and Dancoff in 1942.° These authors, by 
cleverly introducing a new system of canonical 
field variables, separated off the terms in the 
energy operator which are proportional to the square 
of the total momentum of the system. The eigen- 
values of the momentum are known from general ar- 
guments for any system. Thus it turns out that one 
knows, from general considerations, the eigenvalues 
of one of the terms in the Hamiltonian, the energy 
levels of the isobar states of the system. Unfor- 
tunately, in the paper of Pauli and Dancoff, the 
complete set of quantum numbers of the system was 
not given explicitely, and no systematic method 
for calculating matrix elements of all canonical 
variables was presented. Apparently it was just 
this point which made difficult the calculation of 
higher approximations of the theory and the consi- 
deration of various specific phenomena (scattering 
of mesons by nucleons, magnetic moment of the 
nucleon, nuclear forces, photoproduction of mesons, 
etc.), In their paper, when they considered, for ex- 
ample, the scattering of mesons, the isobars were 
not taken into account and they were unable to 
separate the proton and neutron states of the nu- 
cleon. Consequently, the scattering was considered 
only for the case of anucleon state which is a 
superposition of all charge and spin states of the 
nucleon. 

In later papers on the application of strong coup- 
ling theory with symmetric pseudovector coupling, 
for example in the work of Pauli® or Wada’, the 
spin and isotopic spin of the nucleon were intro- 
duced as classical unit vectors, which is not a con- 
sistent application of the strong coupling theory 
developed in Ref. 5. Thus, because of the above- 
mentioned incompleteness of the solution of the 
problem in Ref. 5 and the complexity of the mathe- 
matics, the theory of strong coupling with symme- 
tric pseudovector interaction did not achieve the 
necessary development during the next twelve 


° W. Pauli and S, M. Dancoff, Phys. Rev. 62, 85 
(1942), 


© W. Pauli, Meson Theory of Nuclear Forces, Inter- 
science (1946). 


7 W. W. Wada, Phys. Rev. 88, 1032 (1952). 
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years. Since newer data speak in favor of inter- 
mediateor strong coupling and a symmetric pseudo- 
vector interaction, further attempts at a more com- 
plete solution of the problem are of interest. We 
here present a method for somewhat more complete 
solution of the problem which makes possible ex- 
plicit determination of the wave function of the sys- 
tem, the introduction of a complete set of quantum 
numbers, and systematic calculation of the matrix 
elements of all the canonical variables, which is 
needed for applications of the theory. 


2. INITIAL EQUATIONS AND ASSUMPTIONS 


By expanding the meson field @ («=1,2,3) ad 
the canonically conjugate field 7, in Fourier series 
of the form 


Sw 
9a (t) = Die les (r); (1) 
Tal) DV ©; B42 ¥- (r), 
x 
where 
cos xT te O (2) 


Ss m= H| 


(the y,,(r) are orthonormalized in a volume iL), 
we can put the Hamiltonian of the meson field in 
the form 


. wee a 
Sittxty oe O 


3 
H,= = by (Ie + (Vou)? + pol] dV (3) 


1 2 9° 
== Qs 8 esa Pi 
oe, 2 x [ge =i q,7). 
an 
We shall use the natural system of units (F =c = 1); 
}.is the meson mass in cm-}, 


A aya e hgh (wx >0). (4) 


The dimensionless generalized coordinates Gx? 


and momenta g, of the field satisfy the following 
commutation relations: 


[9,= hte =] [g= oa = 0; 


(5) 


5 oe 
Idee el a 10.4.4 % x. 
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We choose a representation in which the q,3 are 
ordinary numbers;then the g,, can be represented 
as differential operators ¢ - =—i0/dq +. The 
an an 
operator for the interaction of the nucleon with 


the meson field is taken to be of the symmetric 
gradient (pseudovector) type: 


=£Fa > «.\¢4 (2, Va) dV, 
e 1 


Chae 


where g is the dimensionless coupling constant, 


@ and T,, are the familiar spin and isotopic spin 


10100 

EC Na les 
Ges Fein Ne me es 

0010 

0010 

O26 0T I= sy 
eal Oi 

0100 


3. THE APPROXIMATION METHOD 


The basis of our approximation is the assump- 
tion that the motion in the spin-charge degree of 


freedom follows the relatively slow oscillations of 
the meson field adiabatically. In zeroth approxima- 
tion, it is assumed that for each instantaneous con- 


oS de a Te a 


matrices for the nucleon, u(r) is the spherically 
symmetric form factor for the extended nucleon, 


normalized to unity. We spall.try tg find the eigen- 
functions of the operator 


=Ho+H’. Without 


loss of generality, we can expand these functions 
in terms of eigenfunctions of the operators a, and 
7, and shall denote the latter by S,, S,, and Q,, 


Q,, respectively. The expansion has the form: 


Y= iG; (q) SQ, + C; (g) S2Qy (7) 


Si O, (q¢) SiQ2 + C,(q) S2Q: 


where q stands for the collection of variables Vek 
The four basis functions S,-Q, form a complete set. 
Applying the operators @ and 7, to the wave func- 
tion (7) is equivalent to transformation of the com- 
ponents Ce by the following four-by-four matrices: 


700 renee 
00 = 600” 20 
G22 by ae ty mat aaron? 
; Oa aul 
Peas ( 0) (8) 
== ae0 ish Gall 0 
On UPSY ia SHO it an Ona 
Vie hh ecore eee oe ih 
5 Gg gO PN ae 


figuration of the meson field q, a stationary state 

of the system with respect to the spin-charge degree 
of freedom of the nucleon can be established. The 
mathematicalformilation of this approximation con- 
sists of the following: we assume that the eigen- 
function (7) can be split into two factors 


Cy (q) = C,(q) ®(q); F = ¥ (9) O (9); 


- (9) 


ye 


v(q) = C,(q) SQ; + C2 (9) S2Q1 + Cs (gq) S1Q2 + Cy (q) S2Q2 = Cs], 
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chosen so that ®(q) changes much more rapidly with 
dx3, than does ¥(q). This means that the second 
term in the expression 


OF es. OD ay (10) 
OOj x ? 0g a5 Ogu 
axX ax ax 


is much smaller than the first and can be dropped 
in zeroth approximation 


Ayyo= "Yon, —aag)yo AD 


9 
: x% 
ax 


=H P+... 


Then the omitted terms will later be included as a 
small perturbation (perturbation due to non-adia- 
baticity). 

By substituting Eq. (9) in the wave equation of 


the system, HY = Jaks ae ‘im = err ? and 
using the approximation (11), we get two equations 
H’ (q) 9 =A (9)%. (12) 
[Hy + H’ (gq) ® = H®, (13) 


which determine y(q) and ®(q). In Eq, (12) the 
9.7 act as parameters; the equation determines a 
state v: which is stationary with respect to the 
spin-charge degree of freedom, for a fixed configura- 
tion g of the meson field. Equation (13) is the 
wave equation of oscillation of the meson field in 
the presence of the nucleon. Equation (13) is con- 
veniently interpreted, using (3), as the equation 

of motion of a system of harmonic oscillators in 
the presence of a given auxiliary field H “(q), 
which shifts the equilibrium positions of the oscil- 
lators. The potential energy of these oscillators 
is 


(14) 


I 
ms 


If the functiona 


~ 


Foe] == (0°, 19} ee 


is made an extremal relative to WJ, subject to the 
supplementary condition that W be normalized, it 
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becomes the potential energy (14) of the oscillators, 
since its first term, according to the variational 
principle of quantum mechanics, becomes H ’(q). 

In order to determine the equilibrium positions 
of the oscillators qj or the corresponding equili- 
brium self-consistent form of the field g(r), we 
must find the minimum of (14) with respect to ae 
i.e., with respect to g(r). Thus the equilibrium 
self-consistent form of the field corresponds to the 
extremum of F[y, | with respect to both w and 
Y: This extremum is to be found by first making 
F an extremal relative to ¢, for fixed w, and then 
making the resultant functional an extremum rela- 
tive to W. 

If we set the variation of F [W, ¢] with respect 
to ~, equal to zero, we get 


(16)° 


(}, is the extremal value of @), where the function 
n,{r) acts as a source density for the meson field 
G,3 it is equal to 

3 


wel Y= (lays 3) 35 s, a) 
TaSg == {'b", t.agtp} 
The solution of equation (16) has the form 
coe 9, [ty] a dv’. (18) 


Upon substituting @ (r) in the functional (15), we 
get a new functional which depends only on w: 
3 


d \eenedV. (9) 


a=1 


Ciena 
—— ZG 


JSF) 2.) = 


We must now make this functional an extremum by 
varying W, subject to the supplementary condition 
tw*,w$=1. We shall denote the extremal of the 
functional J[y] by W”. Whenthis ” is substituted in 
formula (18), we get ameson field which we denote by ¢” (r) 
It is self-consistent in the following sense: the 
Euler equation determining the extremum of Jt) 
is Eq. (12) with the q’s replaced by the equilibrium 
q’’s. Thus the ~ which makes J{i/] an extremum 
is a solution of the equation 

Ag?) =H [en] 9° = H'(qr) yr, 
in which the parameters of the Hamiltonian, ieee 
themselves depend on yw”, since the q are expressed 
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in terms of w” by formula (18): 


ily called self-consistent. 
By expressing J[y”] and // (q”) in terms of wy”, it 


vu a yj exp {— p/[r—r’ is easy t t 
g(r) =\ a | |} dV’: (21) y to ge 
J[o"] =5 H’(q’) = — 36D Ga" 2 sami heel 
yp? and wy” mutually determine one another through 
formulas (20) and (21). Such problems are customar- where 
; a9 = {0"", tea”); (23) 
POE 2 xp {—ulr—r4 
G= 5 \\( Vu ( (r), Wu (r ry) Spiel QV AV". 


In a semiclassical treatment of the system, where approximately, under the assumption that the oscil- 
the spin-charge motion is treated quantum-mechani- lators stay for the most part in the neighborhood 
cally while the meson field oscillations are treated of their equilibrium positions. In other words, it is 
classically, the functions y,”, y” would be an exact assumed that the meson field y (r) varies only 


solution of the problem, and would describe a state in slightly around & (r) during the course of its oscil- 
which the static meson field y” corresponds to the mini- ation. 
x 
Ants a edna ad ee the Ripert ae 4. DETERMINATION OF THE SPIN-CHARGE 
SB coca ca ee la Bid, PART OF THE WAVE FUNCTION 


charge state y” is determined by the exact quantum 
equation (20). 

However, in the investigation of most phenomena, 
the meson field must be treated quantum-mechani- 


We find W” as the extremal of the functional (19). 
The latter is expressed explicitly in terms of w as 


cally. In this case, the oscillators of the meson follows: ‘ oh eae 
field cannot be at rest, but will go through zero- J(yJ=— au >i (% Ge)?, (24) 
point vibrations in the neighborhood of the equili- are 


brium positions q° +. These oscillations are de- 


scribed by Eqs. (12) and (13). We shall solve them where 


SY a 0 a ON Gre ON OEE AN rey | ON OF es ar ON Or ata ON Geet (O/C. 7 

ee 1010] 100; 211 IC, wo OCC — GC, — C,Ce, Oe 
TO Galt ly OR Ces al OH Orman OF Ge Pecans (ON Cie Oa LO eres as (65 Brea (ONO 

eget fete ye 1,010. Cy PIG.C,, 2957S CC CC CC CiCy 


Rc i aloe CC, + (a: : CsG; ~s CC. 
ays Bu Ser le ek: ltiplier), we arrive at the following system of 
We set Gs = V ae k (R = te Ze oe 4; UR Z 0, Sh Paribade 
is real), and set ; 

mee (14 Ugitgll,) 2 sine = 0; (26) 

Sx) = / ys Uo : (25) 
oe > (a5; prey i 2 mu Hatt | ii Uz is, (0 — I Ose) 0, 

at 

+ (uy, + uz + U3 + M4)’, Uy + Uy = 1/ 


i ree This system can be satisfied only if sin € = 0, i.e., 
PB COOm ree LE acts rong ere When we ot € = 7v where v is an integer. For odd v, the solu- 
the derivatives of Z—A (Uy -r Ma PF U3 + Wy) , with tion is any set of numbers uy, satisfying the condi- 
respect to ¢ and u, equal to zero (A is a Lagrange tions 
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t= U;, a, (27) 


Uy = Us, / 2 


ly + ly 


This gives Z = 3, For even v, the solution of Eq. 
(26) has the form 


(28) 


Lieals 


Tisilly igh gs 


Clearly, the stable state of the nucleon is the state 
with the lowest energy, i.e., the case of (27). In 
this state Lf. Eq. (24), Jw] =—G. From now on 
we shall treat only this state. 

Without loss of generality, we can multiply all 
the components C. of any solution by a constant of 
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modulus unity. This means that all the phases ‘ 
can be increased simultaneously by an arbitraty 
real number. We shall choose this number so that 
+€, =0, whereupon €, + €, = —7V, with v odd. 
Then the solution (27) takes the form: 


C (29) 


* * 
a 
OR ae Can i C3, 


o 


|G, P+1C2? =*h- 

Rotation of the coordinate system, first through 
angle yabout the Oz axis, and then through angle 
6 about the Oy axis results in the following 
coordinate transformation: 


eee ae ee 


| cos # COs cosdsing —sind 
fr —lalr, jel — sin ¢ cos 9 0 (30) 
sin Scos @ sin} sin ¢ cos 3 


The spinor w is transformed in the following way 


® Js shew oe ee ee 


as a result of such a rotation: 


wo ee 


Sy gan li 
COSt Ol? “Sin =e le 
a a 


owe eee Pe? 
— sin = e#/2 cos = e—i#/? 
“a 


v=1SH2, ISI= 


The quantitiest,¢,, 7.2, 793 transform like the 
components of a three-dimensional vector. There- 
fore the functional (24) is invariant under the trans- 
formation (31). Consequently, if W° is an extremal 


of Jiyi, then | S||'¥° will also be an extremal. We 


0 nix 
ss /2 
COS 5 e 


0 

W=(TIe [T= 
° 4 tay | 
Sin ee 


0 
Under such a rotation, the quantities 7,7, Toa, 


: OTE BI 16! 
transform like the components of a three-dimen- 
sional vector in the isotopic spin space, while the 


0 0 
(31) 
0) 0 
AS 1) 
0) cos Be e'?/2 sin es e1ale 


Sse a) L 
0) = sin — elvi2 s —e—'4/2 
In 5) é cos 2 ¢ 


ES eee 


can similarly rotate the coordinate system in the 
isotopic spin space. The matrix | 0]! of the rotation 
will have a form similar to (30) except that we in- 
troduce in place of Sand ythe corresponding angles 


B andy. Under such a rotation, & again transforms 
like a spinor: 


0 sin = e7i¥l2 0 
Cie B : 
cos — ei¥/2 0 Sit Cm Me 
2 2 (32) 
0 cos lis e—ila 0 
: rs iC : 
= (iN 2 ele 0 cos os Cae 


functioanl (24) remains invariant. Consequently, 


b” =| TIS] ° (33) 


Si ee Eh Keak: 21] 


is also an extremal of J[w]. If we choose as our 
initial’’ solution y° the special case of (29): 


then we can express the ‘ ‘rotated’’ solution (33) 
in the following form: 


Ont 1 OS 0: (34) 
4 9 Bo 9 
oie = (cos cos © e8/2 +. sin sin © e—i8i2\ - 
Tae 5 =e +r Sin > sin =e : 
4 ae hak 9 (35) 
gray Ree way + eid/2 Le Sao oe Ver 
oanig sin > COs > e -F COs = sin = e972); 
4 Soa ee 9 
C= 7=(— cos + sin 8/2 + sin * cos © e-isi2) - 
Sis 7 Sin-> e sin + cos +e ; 
a ” sin © eid/2 fete Tr ee 
Cy =(sin > Sin = e”*/2 +- cos 7 COS 5 et 2) ; 


where 6 = y+ y. It can be shown that every extre- 


mal J[y] of the form (29) is given by the AL Ea 
(35) with the appropriate choice of anglesd,Bland 6. 
If the angles are limited to the intervalsO <6 <x, 


0<9< 2r,0<8 < 2z,then only one set of angles 


will correspond to each w”. 
Even though four independent angles?, g B, y 
appear in the rotation matrices ||¢|| and ||7j| , the 


‘ ‘rotated’? solution (35) is determined by only three 


independent angles, B and 6 = y+ y. 


Corresponding to the initial y° and the ‘‘rotated”’ 


y” we should introduce densities 7° (r) and 7° (r) 
as well as the self-consistent meson fields ¢ (r) 
and g(r), The relation between them is given by 
formulas (17) and (21). The quantities n. and ?, 
are three-dimensional vectors in the isotopic spin 
space. Therefore 


ng (r) = 3) 6... 92, a7 |r) (36) 


y= 


3 
peer ses cae 1 du 
7 Di boolean, 242 
i ee — yo%g Ou 
Se Vis >, bxa,Age, Ta FB ae 
ie 1818 3 
— yp? Ou 
=— ee > Tap x,’ 
U p—1 e 


where 


3 
> Dax, App,Ta,Fp,« (37) 


%1, Bi=1 


Using formulas (34), (24 ), and (37), we get 


vy n : : —v 
%9, =cosScosPcosd+sinSsin&, 7,03 = —sin 9sind, 
- yy ‘ DN mal . ay 
19 = —cosPsin6, +30; =cos%sinBcosé — sin $cos 8, 
vv : a e 
7193 = Sindcosfhcosé — cos $sin B, 
yr 9 rian vv 4 Reb e 
TS, = —COSWSIN 6, T359 = — Sin 8 sin 5, 


—y 


eau : F 
792 = —COS0,t353 = SsindsinBcosd + cos cos 8. (38) 


the meson field vibrate mainly close to the confi- 

guration in which their potential energy is a mini- 

mum. This means ¢, (r) is almost always close to 

one of the functions py (r). Thus if we set 

The self consistent solutions ¢” (r) which we (39) 

found in the preceding section correspond to the 9, (r) = 9 (r) + ¢' (r), 

equilibrium positions of the meson field oscillators. i o 

We now go on to consider the small vibrations of and select the appropriate angles 3,8, and § for 
each ¢p, (r), we can regard ” , (r) as a small per- 


~,. (r) in the neighborhood of the equilibrium form nad at 
~”(r). We shall assume that the oscillators of turbation in that portion of the space in which p(t) 


5. CONSIDERATION OF SMALL OSCILLATIONS 
OF THE MESON FIELD IN THE NEIGHBORHOOD 
OF THE EQUILIBRIUM FORM 
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is essentially different from zero. The term «’, (t) drops 
out in zeroth approximation, so that equation (12) 
becomes (cf. Eqs. 6, 21, 17, 23): 


AY (q?) 42 ») 


il 
| 
ce| bo 
Q 
M 
a 
5) 

Rg 
Q 
D 


zee = H,(q*) 02. 
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This solution simplifies considerably if we go over 
to the wave function W2 by means of the substitu- 


tion (33). Then Eq. (40) becomes: 


0 
OF OR2 ne (41) 
2 — ye 2 0O—1 O0;;C 
—+GNc Ce oe ee Oy Ria Mad & Zeer aN 
3 fe 6 abs == ead Oo 
ip Soy: 0 = 10] CoN maa t 
2a 0. ORL CE 
The four eigenfunctions and eigenvalues of this equation have the form: 
ee EN ee a es ee 
1) Mi =—2C, 2) H,=")3G, 3) Ha=2hG, ete ea /.G: 
oi | ils (42) 
Va : : Vz 
0 | 0 0 
pP=o? = 0 ? 3 = 0 ? v3 = l ) o = 0 
1 
—— 0 oe eke 
V2 ° V2 
From this equation we see that the ground state of Hy +H! (9) =H (q") (44) 


the unperturbed problem is non-degenerate, so that 
the energy of the spin-charge motion in first ap- 
proximation can, as usual, be expressed in terms of 
the exact energy operator (6) and the zeroth order 
wave function: 


(43) 
_ gV 4 a Ou 
= me ea one = 

Pr 


= — 40 017.0) 7? (r) dV. 


We now proceed to Eq. (13)which describes the 
oscillations of the meson field. Upon substituting 
H(q) in the form (43) in the operator on the left 
side of the equation and using Eqs. (3), (39), (16) 
and (17), we get 3 


+ FOC veg + wer av 


+53 (Unt + (We,)? + ute] dv 


vs 0” 
ee Se x Lez [eee risa 


A question arises as to how the parameters 


P=, P=, dU, (45) 


should be chosen so that the functions ¢ (r) give 


the best approximation to ~,.(r). Obviously the 
values of v, must depend on on (fn, since the para- 
meters of an approximation always depend onthe 
function to be approximated. We should regard as 
the best choice of the v, that set for which the 


Shel. 


energy H (q) is most accurately given by formula 
(43). According to the variational principle of 
quantum mechanics, the highest accuracy in calcu- 
lating H (q) is achieved for that choice of the v, 


which makes the energy (43) a minimum. The mini- 
mum condition has the following form: 

hee 

y \ =0, 2=1,2 3. e) 


a=] 


The v. are determined from these three aig am 
they are functionals of P. (r), i.e., functions of Te 
If we introduce the operator (5 — Ve — Aand 


use keq. (16), Eq. (46) can be rewritten as 


(47) 


There are also other methods for determining the 
parameters v.. For example, we can approximate 
Y,, by Rnbtiois gy using the method of least 
squares, and choose the v ; So that the integral 


pi hoe ad 


a 


(48) 


is a minimum. Upon expanding the square of the 
difference and noting that the square of the first 
term and the integral of the square of the second 
term do not depend on v ;» We can express the 
minimum condition in the form 


Ao” 
ShegedV=0, 11,23, 49 


These equations can be used in place of (47) for 
determining the v;; the results thus obtained are 
very close to those from (47) so long as the y, 
actually differ little from the ¢¥. We could also 
use a system of equations intermediate in type be- 


tween (47) and ih 


iN 


e dw _ (50) 
Wea = een | TP 


a 


The operator (44) is the required Hamiltonian, de- 
termining the motion of the meson field in the 
presence of the nucleon. Its eigenvalues give 

the energy Hof the total system, as shown by Fg, (13). 
The eigenfunctions of this operator, ®(q), when 
multiplied by W” give the wave functions of the 
system (cf. Eq. 9). The operator (44) is essentially 
different from the energy operator of a system of in- 


dependent harmonic oscillators, since the quantities 


v 5» and consequently also the qe 2, are compli- 
cated functions of the q ,». 
It is appropriate here to compare our method with 
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that of Geilikman®, who represents the meson field 
in the form 


eT) tee (0) oe 
and treats f, (tr) as a classical quantity, commuting 
with 7. He determines the quantity f_ (r) as the 
minimum of our expression (14), i.e., as the equili- 
brium form of the meson field when it is treated 
classically. 

As we pointed out earlier, there are an infinity 
of mimima vol Eq. (14), determined by the parameters 
3, B, 4, oe (r), so that f, depends essentially on 
3, B, 6. In formula (51), ¢, (r) can be treated as a 
eral quantity only if, for each yr), the parameter: 
v_ are determined in an appropriate way [far ex- 
ainple, as done above, through Eq. (47), (49), or 
(50). ] Consequently the v, are functions of the 1a? 
and therefore ie (rw ) does not commute with 7, 
in Conteadiction to the assumption of Ref. 8. 

No explicit form of the wave function for the spin- 
charge motion was found in Ref. 8, so that the au- 


thor did not discover the presence of parameters 

v, (or an equivalent set). As aresult, the quanti- 
ties 722, in the operator analogous to (44), were 

treated as constants, and the operator itself was 
regarded to be the energy operator of a system of 
independent harmonic oscillators. As a result 


Geilikman’s results®’? differ essentially from ours. 


6. SOME PROPERTIES OF THE FUNCTION 
v;(...9,5% ++), AND SOME RELATIONS 
WHICH ARE NEEDED LATER 


We shall obtain various results without deter- 
mining the explicit form of the function v,(. . .9z, ). 
by using some of the properties of Weer: 
functions which are aready apparent from the 
implicit definition of v, given by formulas (47), 

(49) or (50). We write these formulas in the form 


(52) 


(== 1.2.3; 1 =O) or Cio 


If we expand ¢, and gf in Fourier series of the 


form (1), Eq. (52) is replaced by 


_, 0q°> 
7-0 UT oe =— 0. 
= (53) 


an 


8 B. T,.Geilikman, Dokl. Akad. Nauk SSSR 90, 359 
(1953). 


9B. T. Geilikman, Dokl. Akad. Nauk SSSR 90, 991 
(1953); 91, 39, 225 (1953). 
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It is obvious that if we multiply all the 9,7 by an 
arbitrary common factor ¢, the roots v, of equation 
(53) remain unchanged. Consequently, (54) 


Se Gas ae 


e., the v, are homogeneous functions of degree 
zero in the Yaz» 8° that 


i 9 = (55) 
= pies = 
We can also show that 
(56) 


awl [a2 (r)| [cal P(r r)]) dV 
pore, 


ea 


{Si 8 (r) Orme h(r) dV 
ry) o 


does not depend on v., The proof can be given by 
making use of the invariance of the function in the 


integrand with respect to rotations in both ordi- 
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nary and isotopic space, and By changing variables 
in the integral. If we set’; = 22 = 1/2 in (56) 
and differentiate with respect to v; ane vj» we get 


00” 


> Te Ye 


a 


aV = 0; (57) 


LAN 


do" ” dao “AV x Oo" 
a ay oe 
Ov; dv q yy \ Ov; dv; ole? d Ve 


od 


(58) 


XI 


io4 


Later on we shall repeatedly deal with the quanti- 
ties 


ra S: Oo? ss (59) 
: \ 3; du; 

a1 0q°> oq° = 

% Ov; dv, ’ 


— » [@) 
which we nowcalculate. The field oY, defined by 


formula (21), can be expressed, using formula (36), 
as 


a) g SS ie Olu (Ge) exp fy |r—r } yy peace) ‘ 
Y, A) SS Tz9rR i * / ay =e eG" ? VW 
ro (r) V &r v 2 oe \ Ox, te ie ( ; ) (60) 
| : L dW ——w 
ad 7 dr (ae ? y 
where to df 
g 1 e ex Jp ed U. os DATY 
orm feb PDGBLES gy, a 
S) x Pow") dU; On ar (65) 
If we substitute (60) in (59), we get anv: "0u; 00; Og... dv; is etek 
yw 
Phe) Le eo) x Soo 755 (62) 
5) “ae 
= : OY Ov. ° . . ao) 
B cae] Since, according to our assumption, ¥ Y cy is close 
(ong 
Here we have introduced the notation oe se pep aces rate inte ean pee 
ah approximation 7, . Then by using (59), we can 
, OW i ion ( 
of 0 in - “av = Seal (63) “Tite equation (65) in the form 
vy o 0q™ > 
From formulas (62) a a 38 = ~~, = ; 
nd (38) we get Sap = 80, Oo) aaae |e (66) 
an 
(7) = (nr) (1) (72) 
il Teta = (64) The quantities 00; (09x, are determined from 
these three linear equations as follows: 
( ) } nh— ) ; 
Ry a Teo OG = eg i a axe (67) 
| 0g i ~ 7) ao COS 0 - 
Ris = R= =read a ee = 0. ak 
pil 
: f , a8 Aye (Og? Oi 
Now we calculate Qv;/ 0g =: For this dq 7) — oe + cos 6 ee (68) 
purpose we differentiate (52) or (53) with respect divmpdige Sih oalace Phone 
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= oes, (69) 


The approximate method which we have de- 
veloped enabled us to reduce the initial problem 
of finding the eigenvalues and eigenfunctions of 
the operator //, + YW’ (cf. Eqs. 3 and 6) to the 
solution of Eq. (13) with the operator (44). The 
latter describes the oscillations of the meson field 
in the presence of the nucleon; the spin-charge 
degrees of freedom of the system no longer appear 
in it. The solution of this equation is given ina 
succeeding paper, which appears in this same is- 
sue. 

The following approximations have been made in 
this paper: 

1) The approximation of “‘infinitely heavy nu- 
cleons’’; the nucleon was assumed to be fixed. 

2) The adiabatic approximation: we dropped 
the second term on the right hand side of (10), 
which led to the approximate formula (11). 3) It 


3) It was assumed that the meson field pr) deviates 
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only slightly from the self-consistent field ¢ (r), 
if the parameters, 8, § are suitably chosen. 
This assumption (39) is used for the calculation 
of the energy H(q). by the method of small per- 
turbations [formula (43)] and for the transition from 
formula (65) to formula (66). 

The omitted small quantities which are enumera- 
ted above will be taken into account as small per- 
turbations in one of the later papers. Including 
these terms will enable us to estimate the accuracy 
of the theory and to derive criteria for its applica- 
bility. It will be shown that assumptions 2 and 3 
are based on one and the same inequality: 2/ a 
“> 1. Here a is the effective radius of the nucleon, 
which is defined to be 


rie (\ 11 (r) oF] u(t')dV dV’. 


The inequality we have given defines the case of 
strong coupling. 


Translated by M. Hamermesh 
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Investigation of Radioactive Decay Chains 
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Using a @spectrometer with two magnetic lenses and a Dag ey ee with Nal (T]) 


scintillator, an investigation of the following transitions has 


een carried out: Zr97- 


Nb? ?=Mo9?; Rud? =Te2?; Rul Rh} OF pa?; and Rul? -Rh'°?., The results ob- 
tained are generally in agreement with published decay schemes with the exceprions that 


a sample of Zr 


intensity hard y -rays of 2.2 and 1.6 mev. The decay of Rh 


97 +Nb?? emits a 8 spectrum with Eg~ 0.48 mev (intensity 15% 


and low 
is accompanied by the 


emission of 0.08 mev y-rays. The occurrence of corresponding f and y transitions in odd 


nuclei differing by two neutrons is noted, 


INTRODUCTION 


Na previous paper of one of the authors’ cer- 
| ae regularities were noted in corresponding 
levels of selected nuclei with odd number of nu- 
cleons. To obtain further and more precise data on 
the excited states of these nuclei, we undertook 
a spectroscopic investigation of radioactive tran- 
sitions in nuclei of mass number A=97, A=1 03 and 


A=105. 


1. Zr? “AND Nb?” 


PUBLISHED DATA 


Investigation of the 17 hour Zr?! and 75 minute 
Nb°? activities has previously been carried out by 
absorption methods with the aid of a lens spectro- 
meter, and by the methed of 8-y coincidences.?~4 
Zr°*-Nb°* sources were obtained by slow neutron 
bombardment of either a natural isotopic mixture, or 
one enriched in Zr?°®, or alternatively by chemical 
separation from the fission fragments of uranium. 
Measurements were made with a mixture of zirco- 
nium and niobium in radioactive equilibrium as well 
as with separated niobium. Spectrometer measure- 
ments” showed that Zr? ce makes a B-transition to 
an isomeric level of Nb°’™ with excitation energy 
E=0.747 +0.005 mev, and subsequently decays to 
the ground state of Nb?’ with a period of 60 se- 
conds. The B-spectrum of Zr?’ is simple, with an 
upper energy £ 2 =] .91 +0.02 mev. Subsequently 
Nb? decays by B emission, accompanied by 


ly. Shpinel, J. Exptl. Theoret. Phys.(U.S.S.R.)224, 
90 (1953). 


2 
W. H. Burgus. Phys. Rev. 79, 104 (1950). 


3c. FE. Mandeville et al., J. Frankl. Inst., 254, 381 
(CLO52). 


“ee E. Mandeville et al., Phys. Rev. 86, 813 (1952) . 


y-rays of energy EL, =0.665 £0.02 mev. The maxi- 
mum energy of the niobium 6-spectrum is E = 
1 .267 £0.02 mev. 

Measurements of y-energy by the absorption 
method (Ref. 3) show the existence of quanta with 
energy EL, =] .42 mev which the authors ascribe to 
Zr? 

8 AND y SPECTRA OF Zr?’ AND Nb?! 


Powdered ZrO, was bombarded by slow neutrons; 
investigation of the induced radioactivity with the 
twe lens 8-spectrometer? began 9 hours after the 
end of bombardment. The first spectrum was ta- 
ken with a disk shaped source, diameter 10mm and 
thickness 5 mg/cm?, The source was mounted on 
a mica sheet of 6.3 mg/cm? , and the counter 
windowwas celluloid of 0.5-0.7 mg /em?. Mea- 
surements were repeated three times in the course 
of four days. Intensity reduction of the spectrum 
has a characteristic half period of i7 hours, which 
is in good agreement with the known value for 
Zr°’ | The observed B-spectrum is shown in Fig. 
1. The two K-electron conversion lines give 
ytay energies E , = 0.666 £0.006 mev and E ,. = 
0.750 +0.005 mev. The straightened B-spectrum 
(Kurie plot) in Fig. 2, shows the superposition of 
two spectra with limit energies £ ,=1.90 £0.025 
mev and / 25=1.18 +6.050 mev. These values are 
in satisfactory agreement with known values for the 
limit energies of Zr’ ’ and Nb?! respectively. The 
experimental points on the Kurie plot show the pre- 


sence of another soft BB spectrum with limit energy 
E g3=0.48 mev. This value is close to the spec- 


trum limit energy for Zr?> which could have been 
formed during the bombardment. Gur neasurements 
show that the intensity of this spectrum, obtained 
by subtraction of the harder spectra, diminishes 
with a period of the order of 20 hours. This shows 


°V.S. Shpinel, J. Exptl. Theoret. Phys.(U.S.S.R.)22. 
225 (1952). 
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Fic. 1. Primary spectrum of Zr?! and Nb?’ in radio- 
active equilibrium. A) --0.666 +0.006 mev, K,--0.750 


+ 0.005 mev. 


Fic. 2. Kurie plot for Zr°andNb®’. Ez —1,9+0.025 mev, Ep, 
+0,025 mev , E, — 0.48 + 0,05 mev ‘ 


that it can not depend on Zr°> , and we have as- 
signed it to Zr?’ +Nb??. The areas of the Zr?” 
and Nb?? { spectra are equal, within our accuracy, 
as would be expected for sources in radioactive 
equilibrium. The area of the E j= 0.48 mev. 

B spectrum comprises 15% of the area of each of 
the above B spectra. From the ratios of the con- 
version peak areas from 0.666 and 0.75 mev y-rays 
to the B-spectrum area, we have obtained the con- 
version coefficients (2.5 +0.3) x 10°? and (1.43 + 
Oui?) 107 respectively. 

Control measurements of the initial Zr?’ +Nb?? 
spectra were made with a source obtained by neu- 
tron irradiation of an enriched target, with 48% 
Zr°®, In this case also, a Kurie plot shows a soft 
B- spectrum, with an upper limit =~ 0.5 mev. The 
source thickness in these measurements was 0.6 
mg/cm?, 

To obtain the spectrum of secondary electrons 
(Fig. 3), active ZrO. powder was put into a brass 


Liss 


container, inside diameter ] 0mm and height 8mm. 
The thickness of the front wall of the container, 

in which the initial B-spectrum was absorbed, was 
1.3 mm. The lead converter had a thickness of 
49.3 mg/cm” and adiameterof 10 mm. The ob- 
served photoelectron lines give the following y-ray 
energies (with correction for absorption in the 
converter) : 0.662 + 0.006 mev and 0.742 + 0.007 
mev, which are in good agreement with the conver- 
sion data. 

The y-spectrum of this source taken with a Nal 
(Tl) scintillation spectrometer is shown in Fig. 4. 
Besides the photoelectron peak associated with 
the 0.664 +0.746 mev y-ray lines, a hard y-spec- 
trum ending at about 2.2 mev was observed. De- 
tailed examination of the hard y-spectrum, carried 
out by N. N. Deliagin, showed two rays of ener- 
gies 2.2 and 1.6 mev, if the observed maxima on 


the spectrum are assumed to be caused by photo- 
electrons. 
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Fic.3. Photoelectron spectrum Zr?! and Nb?! 
Ky = 0.662, Ksandl» re 0.742 me v 


9. Rue” Rul®3 aNp Ry 195 


When a natural isotopic mixture of ruthenium 
isotopes is irradiated by slow neutrons, the radio- 
active isotopesRu9?, Ry}? and Rul°5 are pro- 
duced, In this section we give results of measure- 
ments performed with these isotopes. 


PUBLISHED DATA 


97 ee : : A 
Ru’ ‘. The radiation of Ru?’ was first investi- 


gated by the absorption technique in Ref. 6. 
It was determined that Rue? obtained by slow neu- 
tron bombardment, decays by K-capture with a 
period of 2.8 days. This decay is accompanied by 
a y-ray of energy 0.23 mev. The observed weak 
electron emission with energy 0.097 mev was as- 
signed to the daughter isotope Tc?’ with period 
of 90 days’, In Ref. 8 Ru?’ was obtained by 
«-bombardment of Mo?*, and subse quent electro- 
magnetic enrichment to 75%. Infief. 9 a Ru?? 
x-ray energy E =(,.217 mev was found. Photo- 
electrons were observed in a lens spectrometer, 
using a slow neutron irradiated ruthenium source. 
The observed photoelectron line was quite weak 
compared to the background of y-radiation due to 
103 


Ru!93_ The radiations of 42 dayne 
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FIG. 4. y-spectrum of Zr97 + Nb9? 
observed with the scintillation spec- 


trometer. 


have been investigated by several authors. Ina 
number of cases the results are in poor agree- 
ment with each other. The first measurements were 
made with the absorption technique’*. Ref. 13 
made use of a magnetic lens spectrometer with 4% 
resolution. The decay scheme of Rul? was first 
given in Ref. 14, in which absorption arid coin- 
cidence methods were used. More accurate spec- 
troscopic measurements were carried out in Refs. 
15, 16. The most accurate measurements of con- 
version electron energies were made with a 180° 
focussing B-spectrometer and photographic de- 
tection! ”, 

The above named papers determine the exis- 
tence of two $-transitions and two y-transitions; 
the energies found by various authors are given 
in Table 1. Besides these radiations, reference 
17 observed y-rays of 0.0529, 0.295, and 0.610 
mev. The discovery of the 0.610 mev y-ray al- 
lowed the authors to assume the existence of a 
third B-transition with limit energy Eg =0.137 mev. 


12 
E. Bohr and N, Hole, Arkiv. f. Mat. Astr. o. Fysik. 
32A, No. 15 (1945). 
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VA ene 


nS 


Reference [t°} 


(12) eS (ea eo (**) 


Malfislife(days))- 1S) 7. 5. . 42 — — 39,8 43 — 
Energy (mev) 

hee 5 ae Oe ee 0.200 — 0,350 | 0,150 | 0,217 |0,204 — 
Crs Sen en ee LS caer. 0,800 | 0.750 | 0,665 | 0,680 | 0,698 | 0.648 — 
ieee ee ya.) Ge je 0,040 |0,0404} 0.0396 
Ye 0,530 | 0,400 | 0,312 | 0,520 | 0,498 |0,494 | 0,4985 


Two conversion lines at 0.215 and 0. 290 mev were 
observed in reference 13. According to the decay 
schemes proposed in Refs. 15, 16, the soft B-spec- 
trum is accompanied by a cascade of y-transitions 
of 0.495 and 0.040 mev, while the hard y-spectrum 
corresponds to a transition to the 0.040 mev level. 
The decay scheme assumed in Ref. 17 differs from 
the above in that the hard B-spectrum is connected 
with a transition to a third level at 0. 0529 mev. 


Ru2%5, Early investigations of the chain Ru! °° 


>Rh}°5_.pq 195 were carried out by the absorption 
method 2:18. More exact data on the 8 and y 
radiation were obtained by using a lens spectro- 
meter with resolution of 3 and 6%.19 This work 
showed that the B-spectrum of Ru!°5 was simple, 


with 4 limit area 1.15 mev. The excited state 
of Rh arising from the B-decay of ruthenium 
decays to a metastable level of energy ~ 0.1 mev 
(45 sec ) through the emission of a 0.726 mev 
y-ray of low multipolarity. 

Rh?°5(36 hour.) in its ground state emits elec- 
trons with maximum energy 0.570 mev, and goes to 
the ground state of Pd!95_ [In Ref. 20 Rh!°> was 
found to emit a B-spectrum with intensity of 10% 


and upper limit of energy of 0.26 mev, a 0.322 mev 
y-ray, and weak y-rays of 0.157 and 0.080 mev. 


B AND y SPECTRA 


Measurements on ruthenium were made with a 
lens spectrometer under conditions analogous to 
those in Sec. 2. The initial measurements were 
made with neutron irradiated metallic ruthenium 
powder and showed background radiation originating 


at T. Born and W. Sulmann-Eggebert, Naturwissen. 


31, 420 (1943). 


1 
*R: B. Duffield and L. M. Langer, Phys. Rev., 81, 
203 (1951). 


20 
G. E. Boyd, Phys. Rev. 86 , 578 (1952). 


in an admixture of iridium. Subsequently, chem- 
ical separation of the ruthenium was used*. The 
metallic ruthenium was melted with alkali, became 
rutanate (H,Ru0, + Kg Ru 0, ), and subsequently 
was made into the salt (RuCl, +RuCl, ): The 


mixture obtained was volatilized in the form RuO, 


and absorbed by a weak solution of hydrochloric 
acid saturated with hydrogen sulfide gas. As a 
result we obtained a pure powder of RuCl,, which 
was again irradiated by slow neutrons. The spec- 
troscopic investigation of this sample was re- 
peated several times in the course of more than 

a month. 

The photoelectron spectrum, from a source of 
the same geometry as in the zirconium measure- 
ments, is shown in Fig. 5 (thickness of the lead 
converter 28 mg/ cm”), Curves 1, 2, and 3 corre- 
spond respectively to measurements made 6 hours, 
26 hours, and 8 days after irradiation. A further 
three measurements, made after 3 days and 40 days, 
are not shown on Fig. 5. 

The energy of y-lines and their periods, ob- 
tained from changes in intensity, are shown in 
Table 2. From this data it is possible to assign 
each line to the isotope listed in the 6th column. 

This y-radiation was also investigated with the 
scintillation spectrometer. Two series of measure- 
ments were taken using two ruthenium sources 
that differed by the length of neutron bombardment. 
The first series of measurements was made with a 
source that had been bombarded 4 hours; the se- 
cond series, with the aim of increasing the 36 hour 
Rises intensity, was made with a 10 hour bom- 
barded source. The first measurements were ta- 
ken 4 hours after the end of bombardment, and in 
the next 70 hours, the spectrum was taken 8 times. 
In the second series measurements were begun 5 


* We would like to take the opportunity to express 
our thanks to H. P. Rudenko, in whose laboratory the 
necessary chemical separations were carried out. 
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Fic. 5. Photoelectron spectrum taken 

with a source produced by slow neu- 


FIG. 6. Spectrum for a ruthenium 
tron bombardment of ruthenium. Curves 


source bombarded by slow neu- 


I, 2, and 3 correspond to measurements trons. Curves /, //, II], 1V,V, and 
taken 6 hrs., 26 hrs., and 9 days res- VI were taken 4, 7, 9, 27, 36, and 
pectively after the end of bombardment. 56 hours after the bombardment 
K, and L,--0.219 mev (Ru??, 68 hrs.); respectively. »® _( 08; ys 0,133; 
Kjand Lj --0.320 mev ( Rul0, 36 hrs.); ® eke Aes 
Kiand L> --0. 497 mev (Ru!%, 42 days); ve — 0.22; y? — 0.33; y? — 0.5; 
Ks --0.728 mev ( Ru105, 4.2 hrs. ). v? — 0.74 mev 
TABLE 2. 
Line ae se ML Te, Half lif Isotope 
energ in converter (eee ee ENS P 
(ee kev) 
Kae ae. Bae: 0.067 9 0,164 ? — Rito 
Coe ee eee ‘ 0.124 a 0 .219-+0, 004 68 hrs. Rudo? 
| ali ies 0.187 7 0..220-£07, 004 as an 
Loe esierae tere 0.226 6 0 ,320-+-0 , 006 AG wie Rh10 
Le ROTOR e 0.298 6 0,320-+-0 ,006 JOM a — 
1Gy Cea eke ie 0.403 6 0.49740 , 004 — on 
ee ee 0.478 6 0.500-L0,004 42 days Rules 
fon een aet® 5 0,636 6 0.7280, 004 oes. Rutos 
hours after bombardment, and the spectrum was not appear on the spectrum of Fig. 5. The 0.5 mev 
p PP Pp & 
taken 8 more times in the course of 140 hours. y-line decays with two periods, of ~ 4 hours and 
The spectra obtained in the first series of mea- of the order of tens of days, which allows us to 


surements are shown in Fig. 6. The y-ray energies 


consider the line as complex. One of these lines 
on Fig. 6 as well as the decay period obtained 


must be dependent on photoelectrons from the 


from a decay curve for each line are in good agree- —_ known 0.496 mev y-line of 42 day Ru!3, while 
ment with the results obtained from the magnetic the short period line must be due to Ru! 5 Since 
spectrometer measurements. Furthermore, on this the y-spectrum of Ru°> taken with the magnetic 
spectrum we clearly observe a y-line at 0.133 mev, spectrometer does not show a line near 0.5 mev, 


as well as a weak line at 0.08 mev; these lines did we may associate the short period component with 
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Fic. 7. Primary spectrum of a source obtained by slow neutron 
bombardment of ruthenium. Each curve was taken at a differ- 
ent time. K, and L, --0.04 mev (Ru 103); K,--0.133 mev 


(Rul95*); R, and 1) --0.216 mev ( Ru? 


(Ru195), Ks 3_9,492°mev (Ru103) . 


); > K,--0.311 mev 


TABLE 3. 
: electron | ieee 
Line energy energy Isotope 
(mey) | (mev) 
1ACh Ben Wey 8 peste a ee eee 0.019 0.041 — 
Ly ae ee een & 0.035 0.038-+0.002 Ru? 
Ks ee iene Wee thas 0,140 0,.133+0.010 Rh2%m 
1 i a Sie ak ae ae 0,194 0,216+0,.011 Ru? 
PpTELe Hulinig ns i: 0.217 | 0.220 - 
bla lie rery bebe ts 0 288 0 3414+0.010| Rhos 
END ST eM cre 0.470 Oe 492-40 .009 Rul 


Compton electrons from the 0.74 mev Ru! line, 
which must give a maximum superimposed on the 
position of the 0.5 mev photoelectron line. Fig- 
ures 5 and 6 show spectra taken with a source 
which emitted an additional hard y-radiation. 
Repetitionafter chemical purification showed no 
hard y-radiation, which had presumably been caused 
by an admixture of Na?4, 

The $-spectrum source was made from activated 
RuCl, powder mixed in a weak zapon lacquer 
solution, and deposited on a cellophane backing 
(6.3 mg/ cm”). Source thickness was 2 mg / em? 
with an 8 mm diameter. Figure 7 shows the results 


of several series of measurements of the primary 
spectrum carried out at various times. Knergies 

of the observed conversion lines and corresponding 
y-rays are given in Table 3. These results agree, 
within the experimental errors, with those ob- 
tained from photoelectrons. 

Figure 8 gives a Kurie plot of this data; the 
upper limit energies and decay periods are shown 
in Table 4. The third column of this table shows 
the isotopes to which the observed B-spectra are 
assigned. 

We have assigned the hard B-spectrum Eg 
2.72 mev to a contamination of our source by man- 
ganese during the chemical purification. Repeti- 
tion of purification reduced the intensity of this 
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Fic. 8. Kurie plot for the curves shown in Fig. 7. 
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TABLE 4. 
Upper spectrum limit Observed oe 
(mev) period P 
0.216-+-0.008 = Ryl03 
0. 256+0.010 = Rh205 
0.560+-0.015 33 hrs. Rhios 
1.415040 020 4.5 hrs. Ruts 


spectrum from a value of 15% to 6% ( of the B-spec- 
trum with E,= 1.15 mev). The decay period of the 
hard B-spectrum in the vicinity of E > mev is ~ 

2.5 hours, whichcorrespondsto the known period 

of Mn°®--2.57 hours. The period of the hard spec- 
trum in the region EF < 2 mev is © 3.5 hours, and 
may be caused by a Ru!°® B-spectrum with upper 
limit £2 2mev, and an intensity not exceeding a 
few percent. It was, however, impossible to make 
this assignment definite because of the remaining 
admixture of manganese. 

For the y-transition at 0.496 mev assigned to 
Ru!°3| the conversion coefficient was obtained 
from the ratio of the conversion peak area to that 
of the continuous B-spectrum. We obtained N./ Ne 
~ 0. 6%. Comparison of this result to theory 
shows that the transition is E 2, although the pos- 
sibility of M1 cannot definitely be excluded. 


3. DECAY SCHEMES 


A) THE SELECTED A =97 FAMILY 
The data we have obtained on the radioactive 
transitions Zr?’ >Nb?? >Mo9°? are in agreement 
with the decay scheme shown in Fig. 9. The data 
from the Ru?” >T¢9? transition shows that Tc?” 


has a level 0.219 mev above the known 0.097 
isomeric level. The isomeric transitions 0.750 mev 
in Nb9? and 0.097 in Tc? are usually considered 


as M4 transitions between 21 
{ Py, and 8 go States. 


Such a y-transition follows in particular from our 
measured value for the conversion coefficient for 
0.75 mev y-rays. Our value of the conversion co- 
efficient for the 0.666 mev y-transitions implies 


_ an electric quadrupole transition EF 2. 


The value of le 7f for the {-transition ! b?? > 


Mo?” with Eg = 1.18 mev is 5.51; consequently 
this may be considered a first order forbidden tran- 
sition. For the B-transition ( E ,=1.9 mev) the 
value of ig 7f is 7.4, and apparently this is a 2nd 
or 3rd order forbiddentransition.*? If we assume that 
the ground state of Mo?’ is Cr then the above 
data on f and y transitions allows the probable 
assignment of quantum states as shown in Fig. 9. 
The results of the present investiga- 
tion, as well as the observations of H. V. Forafont- 
tov on B-y coincidences, can be arranged in the 
decay scheme (Fig. 10) proposed in 2 1Svand 
improved in }?. Reference 15 makes the ground 
state assignment 7/2 tand a Piss isomeric state 
for Rh!°3, However measurene nts of the spin and 
magnetic moment show that the ground state of 
stable Rh!93 js Py It follows that the isomeric 
state should be assigned 7/2 + . Since the 0.496 
y-transition is # 2 , the upper excited state of 
Rh! °3 may be assigned 3/2 +. 


21 
M. Goldhaber and A. W. Sunyar, Phys. Rev. 83, 
906 (1951). 


22 
B.S. Dzhelepov and A.V. Kurdiavtseva, J. Exptl. 
Theoret. Phys.(U.S.S.R.)19, 761 (1949). 
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FIG. 9. Decay schemes for the selected families with A=95 and 
A=97. Corresponding levels for isotopes differing by two neu- 


trons are indicated as thick lines.** 


**Note added in proof. After the submission of this 
article, A. A. Sorokin and N. V. Forafontoy carried out 
measurements on B--y and y--y coincidences for Zr97 
+Nb27, The measurements o B--y coincidences were 
made with out B-spectrometer and scintillation y-spec- 


trometer connected to a coincidence circuit. This al- 
lowed the identification of the partial 6-spectrum with 
p= 0-45 mev and correlated with hard y-rays. For this 
B&ransition lg 7f=5.4. Measurements of y--y coinci- 
dences were made with two Nal (T1) y-spectrometers con- 
nected to a coincidence circuit. These showed the ex- 
istence of a y-cascade with energies 1.5 mev. and 0.6- 
0.8 mev, with intensity 7-10% of the total number of 
Zr?’ decays. With a Nb97 source, chemically separa- 
ted from 7197 y--y coincidences were not observed. The 
data obtained is in agreement with the decay scheme 


shown in Fig. 9. 


B) THE SELECTED A= 105 FAMILY 


Our data on the decay chain Ru?°> >Rh!°5 > 


Pd!°5 show that the decay scheme (Fig. 10) pro- 
posed in Ref. 23 is essentially correct. However 
this scheme does not contain the low intensity y 
transitions of 0.08 and ~ 0.160 mev, which were 
observed both in Ref. 20 and by us. The 


isomeric 0,133 mev transition in Rh!°> has been 
identified as E 37}. 


23 
M. Goldhaber and R. D. Hill, Revs. Mod. Phys. 24, 
179 (1952). 
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4. DISCUSSION 


It is interesting to compare the 6 and y transi- 
tions observed in the selected A=97 family with 
the corresponding transitions for the family with 
A=95.74-2© The scheme of these transitions is 
shown in Fig. 9. 

We first note that the excited states of 0.664 
mev in Mo?’ and 0.740 mev in Mo®® differ little 
in energy, and that in both cases the correspond- 
ing y-transition. is £2. The B transitions Nb 
+Mo°? and Nb®5—Mo®> have similar values of 
lg +f , 5.41 and 5.04 respectively. The isomeric 


transitions in Nb9? ( 0,746 mev) and in Nb?® 

( 0.235 mev), although differing in energy, are 
both M4, Similarly the isomeric transitions for 
Tce?? and Tc?® are M4. The transition from the 
ground state of Zr?’ to the isomeric level of 
Nb?’ with an upper energy limit 1.90 mev and 

lg +f= 7.4, can be compared to the partial £6 tran- 
sition from the ground state of Zr°’° to the isomeric 
state of Nb°>, The value of lg7 f for this B tran- 
sition with upper energy limit ~ 1 mev is 9.74. 
This differs significantly from the value given for 
Zr??, 

The above comparison indicates that the addition 
of two neutrons to a nucleus, in the examined odd 
nuclei, makes only small changes in some nuclear 
states and in the correeponding radioactive tran- 
sitions. This situation is quite natural in the case 
of single particle states of the same shell. From 
this point of view it seems probable that the soft 
B spectrum which we observed with a Zr?’ +Nb?? 
source is caused by one or two additional B tran- 
sitions in Zr°’ , corresponding to the B transitions 
of Zr°5. The existence of a soft 8 spectrum for 
Zr°’ is in agreement with the observation of hard 
y-radiation - 

Let us note that the energies of the analogous 
transitions are not identical for the two selected 
families. Furthermore certain energy levels found 
in Mo®® have not yet been seen in Mo?’. This may 
possibly be explained by assuming that in the latter 
nucleus certain states may not be excited because 
the energy levels have been shifted, and conse- 


quently certain transitions have become impossible. 


The displacement of energy levels between two 
isotopes differing by two neutrons must depend, at 


eV: S. Shpinel, J. Exptl. Theoret. Phys.(U.S.S.R.)21, 
1370, (1951). 


ao) 
H. Slatis and L. Zappa, Arkiv f. Fysik 6, 81 (1953). 


26 
J. M. Cork, T. Le Blanc et al, Phys. Rev. 90, 579 
(1953). 
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Fic. 10. Decay schemes of Ru! and Rul®, 
corresponding levels are indicated by thick 
lines. 


least partly, on the change of coulomb energy due 
to the increase of average distance between protons 

From the above considerations, the decay 
schemes of Ru!°? and Ru’°> , shown in Fig. 10, 
must also be similar. Indeed both cases show 
transitions with the same lg rf= 5.6. 

The isomeric transitions of both nuclei ( 0.039 
and 0.133 mev) are E 3. However, the assumption 
that the ground and isomeric states of these nu- 
clei have respectively the same configuration does 
not agree with the nature of the f transition 


Rh2o5 —pq)5, 


We must therefore assume that the configurations 
of the isomeric and ground states of Rh?°° are 
reversed. i.e., ap ve isomeric state and a 7/2 + 
ground state. The existence of a low intensity 
hard B-spectrum for lg 7f = 8.25 in Ru! °3 allows 
the prediction of a hard B-spectrum for Ru!°5, 


Analogous regularities are observed if two 
neutrons in a nucleus are replaced by two pro- 
tons. 

In conclusion we would like to thank H. V. Fora- 
fontov and Ia. I. Gaziev who carried out a series 
of control measurements. 
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Dependence of the dielectric strength of monocrystals of NaCl, KCl, KBr and KI on the 
duration of the applied voltage was studied experimentally. The effects of the formation and 
rate of growth of the discharge in the dielectric are studied. The assumption is made that 
the increase in the breakdown potential when the duration of the applied voltage is of the 
order of 10-5 sec relative to the breakdown potentials for voltages of shorter duration is 
caused by the ionic volume charge. When pulses are used , a proportionality is observed be- 
tween the dielectric strength and the energy of the crystal lattice. Experimental data and 
oscillograms point to the existence of two stages in the breakdown process of the investi- 


gated dielectrics. 


A he dependence of the dielectric strength of 

solid dielectrics on the duration of the applied 
voltage has not been investigated very much. 
There are indications! that a time interval of 3 x 
10°® sec is sufficient for the development of the 
breakdown in solid dielectrics. 

Valter and Inge” found in connection with the 
study of breakdown of glass in a uniform field that 
the dielectric strength is independent of the dura- 
tion of the applied voltage within the limits of 
10°’ sec and 1 sec. 

Dittert,* using uniform fields for the breakdown, 
found an independence of the dielectric strength 
of paper base bakelite and ebonite on the duration 


of applied voltage in the interval from 10°" to 10°! 
sec. 


Vorob’ev and Valter* observed an increase in the 
dielectric strength of porcelain in the field of a 
hemisphere against a plane surface with the decrease 
of the duration of applied voltage. With a pulse duration 
of 4 y sec, the coefficient of the impulse was 
1.33, and with a pulse duration of 3500 p sec, I .02 
Such a dependence is apparently due to the influ- 
ence of the porosity of porcelain. 

Hippel and Alger® investigated the dependence of 
the dielectric strength of monocrystals of KBr on 
the duration of the applied voltage. For break- 
downs with constant voltages or with pulses which 
persist up to the time of breakdown and are not less 


1A, P, Aleksandrov et al., Physics of Dielectrics, 
GTTI, 1932. 

2a. F. Valter and L. D. Inge, J. Tech. Phys. USSR 
6, 3 (1929). 


*Dittert, Dissertation, Dresden, 1930. 


44. A. Vorob’ev and A. F. Valter, Transactions 
(Trudy) of Soviet Conference on Electrical Insulating 
Materials 3, 1934. 

5, Von Hippel and R. S. Alger, Phys. Rev. 76, 127 


(1949). 


than 10°* sec in duration, the dielectric strength 

was constant. With the decrease of the prebreak- 
down time, beginning with 1074 sec, the dielectric 
strength decreases. At a duration of 5 x 10°> sec 
the dielectric strength reaches a minimum (the de- 


crease constitutes ] 2%), then increases andreaches 
the initial value at 10° sec. For the prebreakdown 


time of 1.7 x 10-8 sec, the dielectric strength is 
higher than for the constant field by 33%. 

The dependence of dielectric strength on the 
duration of the applied voltage is important for the 
development of the theory of the breakdown. The 
information permits the evaluation of the rate of 
the processes involved in the breakdown and of the 
role of the various factors in the breakdown pro- 
cess. The insufficient and indefinite nature of 
existing data on the time dependence of the dielec- 
tric strength of solid dielectrics and the importance 
of this question prompted a systematic study in 
this field. 

We have conducted an investigation of the time 
dependence of the electric strength of monocrys- 
tals of NaCl, KCl, KBr and KI. The monocrystals 
KCl, KBr and KI were grown from melts; rock salt 
was used in its natural state. Samples used in the 
experiments included machined spherical surfaces 
8 mm in diameter. The thickness of the samples at 
the thinnest place, where the breakdown occurred, 
was 150+10p. The spherically shaped portion 
and the opposite side were covered with tin by 
evaporation in a vacuum. 

The breakdown of the samples was carried out in 
transformer oil. The amplitude of the applied vol- 
tage pulse was selected to be greater than the 
dielectric strength of the samples in order to pro- 
duce the breakdown on the first rise of the applied 
pulse. To obtain a change in the order of magni- 
tude of the time before the breakdown, the length 


of the wave front was changed. In parallel with 
the sample under test, there was included a voltage 
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divider, a portion of which supplied voltage to the 
plates of the cathode ray oscillograph. The dis- 
placement of the electron beam along the vertical 


and horizontal axes was calibrated. The accuracy 


of measuring the breakdown voltage was 5%. 


DIELECTRIC STRENGTH 


In Fig. 1 is shown a photograph of the oscillo- 
gram of a breakdown of NaCl for a time interval be- 
fore the breakdown of 13 x 10°® sec. For every 
time interval before the breakdown, and for each of 
the investigated dielectrics, we have obtained from 


14x10 "ce 


Fic. 1. Oscillogram of a Breakdown of NaCl 


12 to 39 points. Figure 2 represents the dependence 
of the dielectric strength of KBr on the application 
time of the voltage. Figure 3 shows the statisti- 
cally treated dependence of the dielectric strength 
of KI on the duration of applied voltage and F'ig.4, 
curves of dependence of the dielectric strength of 
all the crystals investigated by us on the duration 
of the applied voltage for a probability of breakdown 
Y=90%. 

For all the investigated dielectrics, there was 
observed a considerable increase of dielectric 
strength at voltage duration of 6 to 9 x 10-8 sec 
compared to the dielectric strength for longer 
duration of the applied voltage. For all the four 
salts, we have also obtained a somewhat greater 
dielectric strength for application times of the 
order of 10°° sec, compared to that for application 
time of the order of 10°’ to 10° sec. 

The increase in the dielectric strength of the 
investigated monocrystals for application time of 
6 to 9x 10°° sec, is probably due to the delay in 
the discharge. The discharge time in solid dielec- 
trics is practically equal to the time of discharge 


? 


formation, since in a solid dielectric there always 
exists a certain number of free electrons. Exper- 
imental results are shown in Fig. 4 and the oscillo- 


es permit the evaluation of the time of discharge 
ormation. The times of discharge formation were 


determined from the oscillograms as shown in Fig. 
5; Eis the breakdown voltage for an application 
time of 6 to 9 x 10°8 sec; E , is the breakdown vol- 
tage for an application time for whichno delay in 
the discharge is yet observed ( in this case E 
was taken as the breakdown voltage for an applica- 
tion time of the order of 10-7 to 10-6 sec); t, is the 
time of charge formation which is to be determined. 
The curve of variation in the electric field strength 
with time was obtained from the oscillogram. 
Thereby it was considered that the formation of the 
discharge begins when the field strength in the 
dielectric reaches the breakdown value for the appli- 
cation time of the order of 10-’to 10-6 sec. 

The values of t, obtained and also the values of 
E /E,, and the mean velocity of the propagation 
of the discharge v for all the investigated dielec- 
trics are given inthe table. The data refer to a 
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probability of breakdown y= 90%. 


Investigated dielectrics 
E,/ Ey 
tr, 10° sec <7. 


V, 10® cm/sec 
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NaCl KCI KBr KI 
Lazar ie eo ei 
IL 1,6 Zee Zoi 
0.88 0,94 0.68 Qe 1 


Duration of voltage action in secs 


Fic. 2. Dependence ot the dielectric strength of mono- 
crystals KBr on the duration of voltage action for the 


case of uniform field. 


For the voltage application time of 6 to 9 x 10°° 
sec, 30 points were obtained for NaCl, 33 points 
for KCI, 16 points for KBr, and 12 points for KI. 

The mean value of velocity of propagation of the 
discharge was computed according to the formula 
V=d/t, where d=0.15 mm (the mean thickness of 
the samples at the breakdown point). The values 
of velocities obtained for the investigated solid 
dielectrics are a whole order of magnitude smaller 
than the velocities of propagation of electrons in 
air, while the field strength in the latter case is of 
the order of 10 times smaller. This can be ex- 
plained by the fact that motion of electrons in a 
solid dielectric is considerably retarded by the 
high concentration of ions and their strong electro- 
static influence upon the electrons. 

As shown in Fig. 1, the time of the voltage drop 
at breakdown does not exceed 107° sec. We can 


refer to two stages of the breakdown in the investi- 
gated dielectrics. During the first stage of dura- 
tion ¢ the discharge is being formed. Conductivity 
during this stage is not high as indicated by the 
nonvarying form of the pulse. During the second 
stage, the conductivity rises very rapidly and the 
voltage across the sample drops. 

Below are given values of the ratios £,/E, for 
the investigated monocrystals, where E” js the 
breakdown voltage for the duration of the order of 
10°° sec., and E, is the breakdown voltage for 
the duration of application of the order of 10°’sec 


( w= 90%) 


Ff NaCl KCl KBr KI 
Eee i Aaete. 8219! pie See OT 


We have also conducted experiments to determine 
the dielectric strength of rock salt for voltage 
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pulses of duration of the order of 10°* ‘and 10°! 


sec, and for constant voltages. The value of the 
dielectric strength for rock salt obtained in these 


ee ee ee 


is rt V/oM 
1500 


experiments, within the limits of experimental 
error, turned out to be the same as for voltage 
durations of the order of 10°° sec. 


Duration of voltage action in secs 


Fic. 3. Statistically treated dependence of the dielectric 

strength of monocrystals KI on the duration of voltage 

action for the case of uniform field: a-the boundary of 

maximum values; 6-the boundary of minumum values; 

Ww is equal: 1-10, 2-20, 3-30, 4-40, 5-50, 6-60, 7-70, 8-80, 
9-90%. 


Many investigators have obtained values for 
dielectric strength of solid dielectrics with con- 


stant voltages higher than with short pulses. The 


Duration of voltage action in secs 


Fic. 4. Dependence of dielectric strength 

of monocrystals NaCl, KCl, KBr and KI on 

the duration of voltage action for the case 

of uniform field and for the probability of 
breakdown w= 90%. 


authors explain this fact by the action of volume 
charges. Thus Hippel and Alger® explain the 
increase in the dielectric strength of KBr for 
voltage duration of the order of 10-4 sec com- 
pared with shorter periods by the compensating 
effect of the negative volume charge formed by 
capture of electrons by the ‘‘knots”’ of the crys- 
tal lattice on the positive volume charge formed by 


tf z 


Fic. 5. A graph for 

the determination of 

the time of discharge 
formation. 


G. A. VOROB’EV 


the movement of positive ions. The negative 
volume charge by itself, according to these authors, 
lowers the breakdown voltage. Gochberg and 


loffe®*? consider that the volume charge produces 
in the dielectric a field opposite to the applied 
field. The mean voltage in the dielectric must 
thereby decrease and this, according to the authors, 
should lead to arise in the dielectric strength of 
the dielectric. Fauler® supposes that the volume 
charge facilitates the removal of electrons from the 
cathode which should, according to Fauler’s theory, 


Pad 
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Energy of the latti 
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Fic. 6. Dependence of the 
dielectric strength on the 
energy of the lattice for 
NaCl, KCl, KBr and KI for 
breakdown with pulses. Dura- 
tion of voltage application: 
a-orderof 10-8 sec; b-order of 
10-6 sec; wis equal: ] and 
3-50%; 2 and 4-90%. 


SV. M. Gochberg and A. F. Ioffe, J. Exptl. Theoret. 
Phys. (U.S.S.R.) 1, 264 (1931). 


"A. F. loffe, Physics of Crystals, Gosizdat, 1929. 
8 
K. Fauler, Proc. Roy. Soc., (London) 141 A, 56 (1933). 
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lead to a lowering of the breakdown voltage. How- 
ever, a lowering of the breakdown voltage with the 
increase of the duration of the applied voltage was 
observed only for calcite?»!°, where the volume 
charge is concentrated in the layers close to the 
electrodes. 


The influence of volume charges is confirmed by 
the fact that the dielectric strength of solid dielec- 


trics, in the case of simultaneous action of a steady 
and pulsed voltages of the same polarity, is greater 
than for the case of pulsed voltages alone.!! The 
question arises: Is the time interval (of the order 

of 10°° sec) sufficient for the formation of the 
volume charge? Is the rise in the breakdown vol- 
tage for application time of the order of 10°> sec 
actually due to the influence of the volume charge? — 
It is known that in air the mobility of ions is about 

a thousand times smaller than the mobility of elec- 
trons. If this relation is preserved in the investi- 
gated dielectrics, then, for an electron charge for- 
mation time of the order of 10-8 sec, the corre- 
sponding time required for the ions to move across _ 
the thickness of the dielectric is of the order of 

10°° sec, which is in agreement with our experi- 


ments. 
In Fig. 6 there is shown the dependence of the 


dielectric strength of indicated crystals on the 
energy of the lattice for two different durations of 
applied voltage and for two values of probability 
of breakdown. The general type of this dependence 
agrees with what has been previously observed by 


Vorob’ ev’? for breakdown of crystals under con- 
stant voltage. 


ee M. Venderovich and A. A. Vorob’ev, Tr. Sib. FTI, 
4, 15 (1936). 

10f. K, Zavadovskaia, Izv. TPI 63, 136 (1944). 

1lp. K. Zavadovskaia, Izv. TPI 63, 127 (1944) 

124 A. Vorob’ev, J. Tech. Phys. USSR 12, 10, 183 
(1940). 
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Investigation of the Close-Pair Effect in Cosmic-itay Stars 
by Means of Moving Photographic Plates 


I. M. GRAMENITSKI, M. I. PODGORETSKI AND 
Iu. F. SHARAPOVA 
P. N. Lebedev Physical Institute, Academy of Sciences, U.S.S.R. 
(Submitted to JETP editor, February 7, 1955.) 
J. Exptl. Theoret. Phys. (U.S.S.R.) 30, 277-281 (February, 1956) 


The problem of simultaneity in the creation of close-pair stars has been studied by means 
of moving photographic plates. It is shown that the so-called ‘* associated” stars are pro- 


duced at different moments of time. 


if has been observed in a number of papers 
that emulsions which have been exposed to cos- 
mic rays contain a larger number of close-lying 
pairs (r << 1 mm) of nuclear disintegrations (stars) 
than is to be expected on the basis of a random 
spatial distribution. The excess of ‘* close pairs’’ 
suggests a clue as to the origin of this effect. It 
is true, however, that this same effect can arise as 
a result of a number of experimental factors (cf. 
Refs. 3, 6, 9, 12 ) which cannot be evaluated 
quantitatively without a great deal of difficulty. 
The question of whether a close-pair effect does, 
in fact, exist is therefore of great interest. An 
approach which would seem capable of resolving 
this question and which is free from the difficulties 
referred to above has been indicated in Ref. 10. It 
is assumed that the close-pair stars differ from 
stars which are accidently produced in close proxi- 
imity in that the former are created simultaneously 
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8Barbanti Silva, Bonicini, Depietri, Lovera, Perelli 
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while the latter are created at different moments 
of time. Hence an investigation of simultaneity 
would appear to be crucial in the identification of 
true close-pair stars. In the present work this ob- 
jective has been realized through the use of mov- 
ing emulsions as proposed in Refs. 13 and 14. 


1. Description of the Method 


The work was performed with type P emulsions 
100 » in thickness mounted on glass plates with 
dimensions 58 x 86 ( + 0.05) mm. 

Two plates were superposed with the emulsions 
lying between them. A clockwork mechanism was 
used to move the lower plate with respect to the 
upper one with a velocity of 1 cm in 4 hours. The 
transverse displacement in this motion did not ex- 
ceed 100 p. After a total travel of ~ 1 cm the 
clockwork mechanism was shut off automatically. 

Consider a star produced while the instrument 
is in operation: if the star has prongs which ex- 
tend to the surface of the plate, these prongs should 
have extensions in the other plate. If the distances 
between the points of egress of the prongs in one 
plate and the points of entry in the other plate are 
the same for two close-lying stars, then these 
stars have been created simultaneously. If this 
condition is not fulfilled, then the stars have 
been created at different times and consequently 
are not related. 

The search for prong extensions in the second 
plate was performed in the following manner. The 
plates were placed together on the stage of the 
microscope in exactly the same position they oc- 
cupied in the holder of the clockwork mechanism 
before it was set in operation. Both emulsions 
were scanned together; this is possible at smal] 
magnifications (7 x 10 x 1.5 or 7 x 20 x 1.5). 


When a star of interest was located one of the 


13]. J. Lord and M. Schein, Phys. Rev. 80, 304 (1950). 


147h. S. Takibaev, J. Exptl. Theoret. Phys. (U.S.S.R.) 
24, 363 (1953). 
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prongs which extended to the surface of the plate 
was moved to the center of the field in view. 
Then a strip 500 p in width and 1 cm in length 

( in the direction of relative motion of the plates) 
in the other plate was scanned to find a track run- 
ning in the same direction as the prong. 

For the single-particle density which was ob- 
served (690 cm~” ) the probability of an acciden- 
tal coincidence is small. If tracks which are true 
extensions are neglected, the scanned strip should 
contain © 0.05 tracks running in the appropriate 
directions ( in the plane of the emulsions and 
depthwise). The possibility of a false coinci- 
dence is reduced further if the ionization of the 
prong is compared with the ionization due to the 
extension in question. In the case of stars with 
several (2 or more) prongs which extend to the 


— 
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surface, chance coincidences are virtually impos- 
sible. 

We now consider the resolving power ( with 
respect to time) of this scheme. When a star has 
been selected and the extensions of its prongs 
located, then upon aligning the prongs with the 
extensions, a picture similar to that shown in the 
figure is observed. There is a gap ¢ between each 
prong and its extension caused by the space d be- 
tween the emulsions; the magnitude of d can be 
easily determined from the dip angles of the tracks 
and the gaps ¢. 

We now consider two neighboring stars which 
might be considered simultaneous on the basis of 
a preliminary inspection. I{aving determined the 
magnitude of d at the site of the first star, it should 
be possible to predict the points. of incidence of 
the tracks of the second star in the other plate if 
both stars have been produced simultaneously. The | 
accuracy of this prediction is determined by the 
length of the track and possible variations in d 
in going from the site of one star to the other.* 
Under the conditions of the present experiment this 
prediction could be made with an accuracy of sev- 
eral (<10) microns corresponding to a resolving 


power of (10/10,000) x 240~0.25 min. 
2. Experimental Results 


In 34 plates exposed at a height of 9 km, 21 26 
stars ** with prong-number n 2 2 were found. A strip 
6 mm wide at the edge of the plates was not 
scanned since large distortions are possible in this 
region. The remaining area of the plate was di- 
vided into sections 1x1 cm in size in which the 
number of stars was counted. Then all stars lying 
closer together than r= 1 mm were counted. The 
number of such stars was found to be 113. 

For a random spatial distribution the expected 
number of pairs of stars is 


(a, +6) r 


he 
N; (N; —1) a) 
Pstat— D) 


tai G5 4 


where n is the number of sections, N, is the num- 
ber of stars in the ith section and a; and 5, are 


the sides of the ith section.” Expression (1) is 
valid only if the edge effect can be neglected, i.e., 
for r << a; , b;; this requirement is easily met in 
the present case. Substituting in (1) the values of 
the appropriate quantities, we obtain p,,,, =69 
for r= 1mm. Thus there is an excess of close 
pairs for distances less than or equal to | mm. 
The size of this effect can be judged from 


9 
ona; b; 


(Pexp Sy tT ial Pstar= See 


The quantity Deere P stay is 44 for r= 1 mm; i.e., 
statistical analysis of our data exhibits a close 
pair effect approximately the same as that found in 


Refs. 3 and 6. The existence of this effect has 


*This applies only when the stars are produced si- 
multaneously since the magnitude of the space between 
the plates and the amount of transverse displacement 


can change during the movement of the plates. 
**So-called radioactive stars were not considered. 
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been shown still more conclusively in Ref. 10 in 
which not only ‘‘doublets’’ but also ‘‘triplets”’ 

of close-lying stars were examined. In this work 
it was shown that two stars separated by a dis- 
tance less than 300-400 p» were accompanied, as a 
rule, by a third star located significantly closer 
than would be expected for a random distribution. 
Statistical analysis indicates that the probability 
of obtaining these results on the basis of a random 
distribution is less than 0.001. 

The formation of close pairs may be due to one of 
the neutrons emitted from the primary star which 
interacts with a nucleus of the emulsion at a dis- 
tance r< 1mm, thus creating a secondary star. In 
order to evaluate this effect quantitatively, a 
count was made of the total number of eel stars 
connected by an ionizing particle ( excluding stars 
which were connected by 7— mesons which had 
come to rest). In the plates exposed in this work 
two double stars were observed out of 2126. In 
other plates 200, 400, and 600 pu in thickness, which 
had been scanned for other purposes, there were 
5 double stars out of 3828 stars. Converting these 
figures to hundred-micron plates *** 3,25 double 
stars were found for 5954 stars, i.e., approxi- 
mately one double star for every 2000. Thus it follows 
that one pair of neutron-produced stars is found 
for approximately 1800 single stars. In this con- 
nection it has been assumed that the proton is the 
connecting particle for all the double stars and 
that the ratio of the number of neutrons to the num- 
ber of protons in the elements of the emulsions is 
L2: 

The test for the close-pair effect was carried 
out in 14 pairs of plates containing 2078 stars 
with prong-number n 22, Determination of the 
time of creation of the stars requires that at least 
one of the prongs extend to the surface of the 
emulsion, i.e., that there be an extension in the 
other plate. 1600 such stars were observed. Not 
all of these could be used, however, since a frac- 
tion of them (51 %) had been created prior to the 
exposure of the plates in the apparatus and there- 
fore had no extensions. In addition, some of the 
stars were produced while the apparatus was be- 
ing elevated, before the clockwork mechanism was 
set in operation, and so were not useful in this 
work ( 38% of the stars with extensions). The 
final number of useful stars, i.e., those having ex- 
tensions and formed while the machine was in 
operation was found to be ~ 480. 

Using the method described in Sec. 2, a search 


***This calculation was performed under the assump- 
tion that the probability of creation of a secondary star 
is proportional to the thickness of the emulsion. 
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was made for extensions of all stars lying within 
a distance of 1 mm of each other. Not one pair 


+ 
of simultaneously created stars was found. 


3. Discussion of the Results 


As has been indicated earlier, statistical analy- 
sis shows that the quantity Dow Paes equal 
to 44 for r= 1000 p and 18 for r=500 p. These data 


converted to 1000 stars are compared below with the 
results of other authors ( the last column refers to 


the present work) : 


(Pespel erat! 


(r<0.5 Mm) 108. EN, 
S42) 2S} feo oe ad Wi Pinch’ 
CP eea op ee) 
at . exp ~ stat’ 
(r<1.0 mm) 108 oN 
= 8.2 1%) 2:4 (8) 96 


The number of stars(produced while the instru- 
ment was in operation)which have extensions is 
480; hence if the close-pair effect does, in fact, 
exist, the number of simultaneous pairs should be 
~ 9 if our data are used and ~ 7,2 if the: data of 
Refs. 3 and 6 are used. 

In this experiment not one simultaneous pair of 
stars was observed. The probability of such a 
result if an effect of the size given above does 
really exist is ~ 10°? and ~ 10°* depending on 
which data are used, 

The number of close pairs to be expected from 
trivial causes ( cf. Sec. 2) is 0.27, which does 
not contradict the results of the experiment. 

It should be noted that in calculating the number 
of stars under our experimental conditions we have 
not taken account of the change in the prong-num- 
ber with height. It is known, for instance, that 
the average number of prongs in a star will in- 
crease with height ( cf. Ref. 15). If this effect is 
taken into account the original number of single 
stars (~~ 480) should be increased to some extent. 

These results show that if the close-pair effect 
does exist its magnitude is much smaller than is 
to be expected on the basis of a statistical analy- 
sis. This finding agrees with the results of an 
investigation of the effect carried out with scin- 


*The large number of stars produced before the machine 
was set in operation and the possibility of a transverse 
displacement of the plates can lead to the appearance of 
false close-pair stars. In the present case this is of no 
concern since no simultaneous pairs were found. 


15 Powell, Cameron, et al. Usp. Fiz. Nauk 40, 76 
(1950) (Russian translation) 
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tillation counters ,/° although a detailed com- 
parison of the present results with those would be 
difficult. 

In the above we have proceeded from the entirely 
reasonable requirement that close-pair stars should 
be created simultaneously. To be perfectly logi- 
cal, however, we have not ruled out the possibility 
that the close pairs are formed with a delay time 
which is beyond the resolution capabilities of this 
method. This question can be resolved when a 
considerably greater amount of experimental data 
is accumulated. In the event of a negative result, there 
would seem to be a fundamental contradiction between 
the statistical analysis and the results of the present 
work; this would seem to indicate the presence of some 


16). B. Harding. Nature 169, 747 (1952). 
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methodological error in the statistical analysis. 

In this connection factors such as nonuniformity of 
exposure, inhomogeneities in the amount of AgBr, 
differences in the thickness of the emulsion in dif- 
ferent parts of the plates, and the higher counting 
efficiency in the vicinity of neighboring stars as 
compared with single stars should be considered. 
A detailed analysis of these and similar effects 
should be the subject of a special report. 

The authors are indebted to their colleagues at 
METI for assistance in performing this work and to 
A. A. Mizel’ kovskii and R. M. Gryzunov who 
scanned the plates. The authors also wish to 
thank Prof. N. A. Dobritin for taking part in the 
discussion of the results. 
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On the Theory of Stochastic Processes in Cosmic Radiation 
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We study a generalization of the kinetic equation of L. Janossy for the case where the 
physical quantity &(t) does not remain constant between two consecutive jumps, but 


changes in accordance with some causal law. The equation that is introduced can be 
successfully applied to various problems concerning stochastic processes 1n cosmic 


radiation. 


N the present paper we consider some problems 
i the theory of stochastic processes, which 
play a very important role in nuclear physics and 
in the theory of cosmic radiation’. We shall not 
touch upon concrete problems, since there are a 


large number of papers in this direction in the litera 


ture?; however, a unified treatment of these prob- 
lems is lacking. 
For the stochastic description of an arbitrary 


physical process (energy loss, scattering, etc.) we 
must first of all determine the distribution function 


of the physical quantities which play a decisive 
role in the given process. If it is known that the 
value of some physical quantity ¢(t) at the instant 
of time t is equal to x, then in certain kinds of 


11. Janossy, J. Exptl. Theoret. Phys. (U.S.S.R.) 
26, 386, 518 (1984), 


2 A, Bekessy, L. Janossy and L. Pal, Magyar- Fizikai 


Folyoirat (in press). 


stochastic processes (processes without after- 
effect*) it is easy to determine the probability that 
the value of the random variable €(7) is greater 
than y at any instant of time 7>¢. Let us desig- 
nate this probability [the distribution function of 
the random process &(é)|by F(t, x; Gy). As is 
well known, the function F(t, x; % y) is determined 
by two integro-differential equations, introduced 
by Kolmogoroff? and Feller*. 

Let us denote by P(t, x; y) the probability that 
the random process &(¢) discontinuously changes 
its value to¢(t + 0)<y under the condition 
that a jump occurred at the instant of time ¢t, and 
that immediately before the jump é(t — 0) was 


* Processes without after-effect are often called Markoff 


processes. 
3 A, Kolmogoroff ,Math. Ann. 104, 415 (1931). 
4 W. Feller, Math. Ann. 113, 113 (1936). 
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. “eé 
equal to x. Let Q(t, x) At + 0 (At) be the cal applications Qt, x) is called hs Sey freee. 
probability that in the time interval (t, t + At) section” and the expression w(t, x; y)dy = 
there occurs at least one jump of the random proc- Q(t, x) dP y(t, x; Y) is called the ‘differential 
ess €(t) [ 0 (Ad) is the probability that in this Grasetesctionns 
interval there occurs more than jump of the quan- The Kolmogoroff-Feller equations, which de- 
tity &(¢)] under the condition that imme diately be- termine the distribution function F(¢,x: % y), have 
fore the jump € (t ~ 0) was equal to x. In physi- the following form: 
OF I) _ Q(x) (FUE, x: SFU 255, YAP a (Ei Nh (1) 
VP (ey 0B ae) 
ed 
a \Q (t, z)aFz(t, x; 4, Z)— VQ, z) P(x, 2 y) dF (t, x; 7,2). 4) 
(y) 
The equation (1) is especially suitable for solv- = H tH (x) Lu, + no}, 
ing a whole series of problems of cascade theory!, ie EAE 
Janossy!, using the method of the ‘‘first collision’, 
worked out a very graphic method of dtaining a FT {Ff (x) + ay, + Uss= f(x, uy + Ug). (5) 
kinetic equation of the type (1) in the case of proc- ; 
esses that are homogeneous in time. It is evident that the functions xe+™, x/(1 +Azu), 
1. In connection with certain problems in the <-thu ete. satisfy Eq, (3). 
statistical theory of the penetration of elementary In connection with statistical problems con- 
particles through matter, one needs a generali- cerning recording of nuclear fission using an ioniza- 
zation of the Kolmogoroff-Feller equation for the tion chamber® we studied the solution of the ki- 
case where the physical quantity €(t) does not re- netic equationfor the case where the physical quan- 
main constant between two consecutive jumps , but tity E(t) changes in accordance with an exponen- 
changes in accordance with some causal law, i.e., tial law between consecutive jumps,i.e ,f (x, 1) = 
if it is known that &(t) =x at the instant of time xe~*", The generalized equation is also easily 
t, then after atime u the random variable €(¢ + u) written for the case where all that is required of 
takes the value f(x, u), under the condition that the the function f(x, u) is that it satisfy the condition 
interval (¢, ¢ + u) lies between two consecutive (3). 
jumps of the random process. It is evident that First of all we determine the distribution func- 
without the introduction of new random quantities tion / (t, x;t-+ At, z). It is easily expressed 
the Markoff character of the process can be pre- in terms of the functions (Q(t, x), P(t, x; y) and 
served if and only if the function which describes f(x, #u) 31.63; 
the causal character of the random process €(¢) 
satisfies the functional equation F(é.x; t - At; Z) 
fi (X; ty + Us)= f {fF (%, Wy); 3}. (3) =1- Q(t, NAHE —f(x, Any © 


: + Q(t, x) P(t, x; z) At +0 (Ad), 
The equation (3) was studied in detail by Aczel”- 

As the basis for his study it is easily shown that a where 

function which satisfies equation (3) has the follow . ' Ovouetl a) eae 

ing form: E(232) = ees 


PCa) =e x) 1). (4) 
From the Markoff equations (see Ref. 7, p. 245), 
Here it is assumed that the function H(x) has an in- we obtain the following equations, using (6): 
verse function 7 '(x). Indeed, one can easily con- 
vince oneself that 


FMF (x, Wy) + uo} = H{A [fF (x, w,)] + a3} © L. Pal ,Magyar. Fizikai Folyoirat 3, 31 (1955). 
7 V.V. Gnedenko, A Course in Probability Theory, 
5 J Aczel, Pub]. Math. 1, 243 (1950), Moscow-Leningrad , 1951. 
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<7 ~ Q(t, x) — 


235 
Fi Bie ee 
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Rn Wd (En canes) eet Os 
Sees 2) P(z, 2.9) dP, (t, x; &, 2) (3) 


= on z) dF. (t, x: 7, 2), 


(y) 


where g (x)=(Of(x, u)/du) 


Tf Q(t, x)= N, P(t, x; y) = H(y — x) and 

1 (ime ae eat (*—¢, y), then, introducing the 
notation T— t = v, we obtain from (7) for the case 
f(x, u) = xe-*" the equation 


— N{R(v, y) (9) 


li 2) dH (y —z)}, 


which coincides with Eq. (2), studied in Ref. 6. 
An analogous equation is obtained from (8) in the 
homogeneous case. 

2. In the preceding section we showed that for 
the class of random processes without after-effect 
the causal changes of the qantity &(t) between 
consecutive jumps (discontinuities) cannot be arbi- 
trary, but that the functionswhichdescribe these 
_ changes must satisfy Eq. (3) . In the theory of 
stochastic processes in cosmic radiation, one often 
encounters such random processes which cannot 
be described within the framework of Markoff proc- 
esses by using the distribution function of one 
random quantity. In these cases a description 
within the class of processes without after-effect 
can be achieved in principle with the aid of the dis- 
tribution function of several mutually dependent 
random variables. 


0 


Thus for the stochastic description of the given 
physical system, we introduce the random quanti- 
ties & (t), & (¢), sen (t). The study of such 
processes is of special interest in the case where, 
in addition to purely discontinuous changes, the 
random quantities ¢,(¢),.. +> én (t) can change 
in accordance with certain causal pete 1.6.0 uct 
is known that ¢,(f) =x, (R= 1), 
at the time ¢, then after the time wu e random 
quantity takes the value &, (¢ -- w) under the 
condition that the interval (t, ¢ + u) lies between 
two consecutive jumps of the random vector 
{5,.(L) Seek nw apete sed Glee 

Let Q(t, x3... Xn) At+ 0(Af) be the proba- 
bility that in the interval (t, ¢ + t) the state of the 
system, determined by the equations ¢;, (t) = Xp, , 
changes discontinuously, and PUPRE Coe 
Yi» ++ +Yn) the probability that &,(¢-+ 0) = yn, 
(f= 1,2,..-,) under the condition that a jump 
scone at the instant of time ¢ and that imme 
diately before the jump the equations ¢, (f—<0 
~ Xk were valid . Let us designate by 


F (by Xapiens ton, ES ivawak eel athe probability 
that &, (t) <y,._ if it is known that at the in- 
stant of time t the equalities &, (f) = Xr 
(ResG25 
In an analogous way it is easy to determine the 
generalized Kolmogoroff-Feller equations 


.» 7) were valid. 


0) 


{or Olt Ht es Hn) — Deh (Xie ec Oeal 
SY ae eee 5 nS Ty acer ea) + Q(t, x1, . ee eek 
xf \F ie, Z1>- » &n;%, Vipers Sal (Gi Xay aie <5 Xn, Zyy +++» Zn) (10) 
{+ Sealy Yn) goo Fit, x hy) iy ae ieee 
OT SR\Y1> D Ba OY p > “15 Doan Vy Sli & oo 5 
R 
— ee Zar Dayar (t,x, Me ne sie Fa 
(¥1 press Yn) 
== ea vere Zigee ds pene (=, alo 6 8 0) Pap Mio 20 Vale 
SAF (E; X1,- > Xn; T, 21, ++ +5 Zn). ii) 
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In what follows we shall be concerned only with 


; == (0) 55. enn a Mises 
the first equation. If the process is homogeneous in 
time, i.e., then we obtain from Eq. (10) 
EH ee UAE ee ce Sts 
0 07 
{255 O Ga, =, a= enn Seats | (12) 
k 
REGU eet Xi Wee Oe Vin) =\.--\ w(x. eee eee Ce ak 
(O24 ns Zn} Vig ee Vil eee 
&r (X1, OG) Xn) = (afgC. a? oe 
where 
W(t ARE, sb en) ene 
— Oa; IGh 53 Os) RAGE, X41, Ly » Xn; 21, CE lyons Za)s 
e 
(Oy 6 Se 14 oe OX, cosy en ae ew aes Lone 


Equation (10) or (12) is a generalization of 
Janossy’s equation® and has the advantage that 
it avoids difficulties connected with the appear- 
ance of one and the same quantity several times 
in the equation. In the next section, we shall 
show that the kinetic equation, studied in detail 
by Janossy®, is easily obtained from our equation. 

3. Elementary particles in traversing matter 
lose their energy and deviate from their original 
direction. For the stochastic description of the 
motion of a particle we introduce the following 
random quantities: ¢,(¢) , the energy of the par- 
ticle, &,(t) , the angle between the tangent to 
the pr gection of the trajectory of the particle on 
the (x, z) plane and the x axis, &,(t¢) , the dis- 
tance of the particle from the x axis in the (x, z) 
plane, and ¢,(¢) , the area determined by the 
projection of the trajectory of the particle on the 
(x, z) plane and the x axis. The quantities 6, (f) 
and ¢,(f) change continuously. From elementary 
considerations it follows that 


ks (Sis: 2 


= X3 + UWtgxX%.~ X34 UX); 


a (13) 
(ENCE eer ee ea 


+ Mp Wty xy ~ Ky t+ Xglt + */oM* Xo. 
Using Eqs. (12) and (13), we can write 


(6) 
ea aia Q (x1) X» = X3 mal ® (v, X, y) 
(14) 
= \ a(x, Z) © (UY, Z, y) az, 


8 1, Janossy, J. Exptl. Theoret. Phys. (U.SS,R.) 30, 
351 (1956). 


where x = {x,,..., Xa} is a four-dimensional 


vector. The cross section w(x, z) has the form 


w (X, Z) = q (1, X25 21, 22) (15) 


% 5 (Zs — Xs) 8 (2, — x7). 


Since 7 (1, X23 21, 22) has a sharp maximum at the 
points x; = Z; and X2 = Z, and its values are very 
small at other points ,we can expand ®(v, x, y) in 
powers of (2; — 1) and (Z):— xy). In this way 
we get the following equation: 


Oma WON 6) a 
\ (uv, x, y) =0, 


0° 02 
— "/s b(x:1) axe —*]29(x}) axt 
where (x,), 6(x,)and 3(x,) are determined by the 
following relations: 


a(x) = \ V(x, = 24) Q (Xy, Xp, ein 22) Genes. 
0 (20, = Gen 25)2 icra eaten) apace 
3 (x) = \ | (X2— 29)? d (X1, X23 21, Ze) AZ, dz. 


Equation (16) was studied in detail in the work 
of Janossy for the case ?(x,) = 0. If we take 
into consideration the variance of the energy loss, 
then it is more difficult to obtain a solution of (16). 
However, in the neighborhood of the mean value of 
the random quantity ¢, (¢), the solution of equation - 
(16) can be easily found. Indeed, if in the expres- 
sions @(x,), 6 (xj), ¢(x,) we replace x, by the 
mean value of the random quantity &,(t), then 
going from the distribution function ®(v, x, y) to 


eA 


the probability density ¢(v, x, y), and assuming that 
ROUX ¥) == OU, Xe, Xs, X43 Vos Vas Va) 
X £1 415 Vi),we obtain the following e quation 


Ox (VY, X13 V1) A oti Ox (UV, HOY 
i ao = 5) b [x\(v)] THAD) 3 J) (17) 


2 
1 


— re) ie Bats 
—a[x, (v) [ %(% ae 1) 


Equation (17) can be easily solved?. With the 
initial condition y (0, x1; ¥;) = (v1 — x;) 
we find that 
K(V, X13 Yi) = BY (2a) (18) 


exp {— (y, — x, — A)? / 2B?}, 


oe Pal, Vestn. Moscow State University 6, 111 (1953) 


v 
ry 


A= \a [x, (s)| ds, | (19) 


0 


v 


Blows \ [x1 (s) ds. 


0 


In the expressions for A and B’, x,(s) designates 
the mean value of e1\5). 

The determination of 7 v4) 
can be found in the work of Janossy®. 

For a practical application of the approximation 
in question we refer to one of some forthcoming 
papers. 


Translated by R. Silverman 
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Certain relations are presented which make it possible to change at any stage of a 
calculation from anticommuting matrices to Keramer matrices. The paper shows the 


connection between the ie the matrices of the irreducible representation of the Kem- 


mer and Dirac algebra, and also the Tamm matrices. 


1. TRANSITION FROM MATRIX TO FIELD 
DESCRIPTION 


N a previous paper! we have introduced the 
I basic operators which convert from undor matrix 
notation to the usual tensor notation. The scalar 
projection operator R, which has the property 


ko RY = i, (1) 


can obviously be expressed in terms of the reflec- 
: ; aes 
tion matrices QR, — 262 =f, 


4 
R= (Ch) J] V—RD 
pal 
(Reference 4 contains an evident error in the coefficient). 
Ry expanding the product, one can also obtain for 


R the formula 


(2) 


R= (7/s)* (7 + Rs) (1 + Mi) + M3), (3) 
where 
4 4 4 
My = > inGie Mz = » SRR (4) 
= 4 4 = ae (5) 
M; = R3M, = » > » RuRRo. 
vf V- P=! 


The matrices /, M,, M,, ReM, form the center 
of the Kemmer algebra, the quantities which com- 
mute with all elements of Gj, being? 


1 M=M,—M, N=R,(I—M). 


‘The traces of the matrices M,, M., M, vanish. 
The pseudoscalar operator R, with the property 


ko RY = 5, (6) 


can be obtained from R by means of the generalized 
Larmor transformation! [ 


R == ERE: 


1 A, A Borgardt, J. Exptl. Theoret. Phys. (U.S.S.R.) 
24, 24 (1953). 


2 N. Kemmer, Proc. Roy. Soc. (London) 173A 94 (1939). 


Roth these operators, by their definition, satisfy 
the obvious relations 


R= RP, R= R—Sp R= sp R= (7) 


In working out the commutation relations between 
the I’, and the operators Me M,; one is forced to 
introduce the group of matrices ]',, G,, ; this 
is reasonable since the commutative group R 
connects I, and I’ (Cy, =R,J,, n-s.*): 

pb. ys aie ge We 


{TM} == oie My} = DAL 
[(T.M.] = —2(M,l,—T,), 
f UM] = —2(M,T, —T,); 
(T;M,} = {1M} == [V5Ms] = [V3;M.] = 0. 


With the help of these equations one can ob- 
tain the commutation rules between the ei and R: 


be 


(8) 


VaR), SR, eM) (ee) 


and with the help of the latter one can prove that 
the vector operator 


Roa ae Dus 4 
Ay a ey Gis Rs) 18 | (ee i) (10) 
VF p=] 
is equal to 


A, =T,RTI,, (n.s.) (ip 


By performing the Larmor transformation on the 4_, 


we obtain the pseudovector operators. These opera- 
tors have the obvious properties: 


Ay. a Ay, A = Au, Sp A, = Sp A, ae (12) 


The rules for commuting A,, A, with the [ 
and with each other , and also the analogous rela- 
tions for the tensor projection operators can easily 
be worked out from the formulae given above. 


i ; 
’’ means no summation. 
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2. TRANSITION TO MIXTURES AND PURE FIELDS 


It follows from (11) that the sum I’, RI’, extracts 
from the undor* the matrix vector &, (o, ¥,), If 
we express the operator ae |in terms of the 


ve==1 


matrices 6,, we obtain the quantity B, which was 
at first introduced by Harish-Chandra‘. Now it is 
easy to extract from the matrix equations in terms 
of the I” , the part relating, for example, to a pure 
scalar field. 

If we construct the 16-dimensional unit matrix 
I from the scalar, vector, pseudovector, and pseu- 
doscalar unit matrices, /(s), /(v), /(v) and /{s), 
I(s), we see that the extraction of the pure scalar 


field from the VY field is accomplished by the opera- 


tor I(s) 4 

I(s)=R+ > bbe ke Oe 
p= 

The addition of R + /(s) to the 16-dimensional 


unit marix obviously extracts the pseudovector 


field 


(13) 


I(v) =1—I(s)—R. (14) 


The pseudoscalar and vector unit operators are 
obtained from /(s) and /(v) by a Larmor transforma- 
tion. 

Theequations derived above can be used to ob- 
tain from the general equations 


(T,0/ 0x + ky) ¥ =Q (15) 
for example, the equation of the pseudoscalar 
field 

(1,0 / 0X, — Ry) RV + Rol (s) ¥ 


= /)Q—RQ. (16) 


In the equations for mixed fields we can use at 
the same time both sets of anticommuting matrices 
T. and T-., and construct from them two reducible 
representations of the Kemmer algebra 


By = 7/2(Tp + 3, B. 79 (ho De), (17) 


. 6é ” 
* Here and in the following we use the term “‘undor 
to denote a matrix which has as elements a scalar, a 


vector and the components of all completely antisymmetric 


tensors in four-dimensional space (total number 16) (cf. 
Ref. 3). 

3 FP, Belinfante, Physica 6, 849, 870 (1939). 

4 Waish-Chandra, Proc. Roy. Soc. (London ) 184A, 
215 (1946). 


239 
where[U,I'\] = 0.Jn this way we are led to wave 
equations of the type 

["7e (Ty EP) 0 [0x -+ Rol = Q. (18) 


3. COVARIENT FORM OF THE HAMILTONIAN 


The use of Hamiltonian equations, instead of 


relativistically symmetric ones like (15), in explicit 
calculations has a number of substantial advan- 
tages. However, this method does not satisfy the 
covarience requirement of modern theory’, because 
of the way the time coordinate is singled out. We 
introduce therefore a three-dimensional hypersur- 
face o with a normal unit vector “2, n= — J, Any 
four vector A, can then be resolved into a longi- 
tudinal part AL 


and a transverse part AL by 
¥ 


the relations 


AS 2S A AS Ae (19) 


One verifies immediately that this resolution is 
correct and unique, since 


Ape A APS ee ee 


Similarly we can form the matrix vectors Py and 
R, the purely longitudinal quantities 


Pp = aM, Re = 273 —]. (20) 
The properties of these matrices follow from 
their definition: 


Sia => Dibies {V2Rs} = 0, (21) 


{Pp Rat = Pls 


The matrix R,, performs the transformation of 
the undor Y which represents a reversal of the 
direction of the normal to the hypersurfaces, and 
the operator 1/, (/ + R_) is therefore related to the 
separdion of the field quantities into longitudi- 
nal and transverse parts. It may be calculated 
in the following way. We introduce for the By the 

ee 
representation */2(U, +T',5; then 


67 = HE (1 ied NyftoT r0), (22) 
where 


ip at "/, (PERE + Rt): (23) 


From the definition of R, we find that 


Ly 


Wy (TE Rr) = Yo (IF tyteT 20). (24) 


5 J, Schwinger, Phys . Rev. 74, 1439 (1948). 
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The commutation relations and some other nec- 


eee eee 


Se ——eE 


essary equations are given below: 


ee a Ys (oe (U,V. rose [Mien Oy: or (TL, a r it) Ou9 (25) 
a (DyDse= PT) 5,4 Ea Pel) oe) (26) 

(DET oh eT Ousy (lle) Ev ocomm been: (27) 
Reis — REDS Nicey: oe {Radiesse = cay i = 0, (28) 


Tol, = Y2(60,.— MP.), 


The symmetric tensor operator iB forms a 
density, which is conserved in the absence of 


sources for the field. Indeed, the equations 


(1,0 / 0x, + Ro) ¥ =0, 


(T0 / 0x, + Ro) ¥ = 0, eo 
(—T,0/ 0x, + &,) ¥* = 0, 
(—L50/dx, + k,) ¥ =0 
lead to the continuity equation 
Or (De By ox 10, (30) 


i.e., the conservation law for the energy-momen- 
tum tensor of the field described by eqiations (29). 
The complete W field, with the anticommuting velo- 
city matrices I',, possesses an energy-momentum 
density operator of the form I’, I’). The operator 
Tuy enters also into the commutation laws for the 
components of VY. The commutator must be a solu- 
tion of the wave equations of first order. In the 


Tat, = "le (6r,, rz M,L,). 
Ce eens = = 
case of the field described by the equations 

P/e Tack Ty) 0/ 0x, + ko]  =0, 


this re quirement is satisfied by the undor 
SD (x) = (1/2 Bo) [RoE Tia O / 03 OX 
—hy (PT, 0/dx A(x), * 


(31) 


where 


A(x) 2n)i2 | eik,x need J (dk), (32) 


For a field with an anticommutive algebra we 
obtain from (31), as expected, 


S (x) = (—T),0/ dx, + ky) A (x). (33) 
It is convenient t oexpress the commutative 


laws by resolving ¥ into a potential W! and a ten- 
sion Wl. They then take the form 


(wet (x'),° WE (x)) = — (ihc? / 2) (RBSap = 13°07 / Ox, 0X0) A (x — x"), ee 
PEE (x’), V5 (x)] = — (the? /2) (Bap F ko Tie ® 0?/ 0x, 0x0) A (x — x’), 
[Pon (x'), Ye (x)] = (dhe? /2) (Pa +13)" (0 / 0x5) A (x—x'). 


The transition to a field with a purely anticommu- 


tive algebra can be carried out by omitting the 
terms with the alternative sign and doubling the 
even ones. 


Because of the covariance of the division of 


the operator 0 / 0x, into a longitudinal and a trans- 


Aor = — (the /2) (1,0) 2.0 /0x%5— 61. 
He = — (hic /2)405Tsl 1401 Oxalate 


verse part, the covarient form ot the Hamiltonian 
equations is 


(he / i) 0 / Axe + Hos) ¥ = Qu, 


(he / i) 0 / Ox, + HG) ¥* = QF, (35) 


where 


Q: = —11Q, (36) 
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In the equations of mixed Kemmer fields the 
must, as usual, be replaced by 1/, (I, + Sy; 


4. CONNECTION BETWEEN Dy AND FOUR- 
DIMENSIONAL QUATERNIONS 


The separation of the wave function into a poten- 
tial and a pressure by means of the operator 
1/27 +R.) allows, besides the transition to photon 
theory, also the introduction of contracted, eight- 
row anticommuting matrices . Strictly speaking, 
there is no need to number the components of WI 

d Wl! diff ly in th i 
an liferently in the equations 


P,0¥" / Ax, 4 wil De Qi 
Dh, a Os eke =O). 


because of the difference in the superscripts. We 
may lable the components of ¥! and W!! by the same 
set of numbers, if we change from VY! to a new 


function Y! — (1/2) be: It is natural that the ma 


(38) 


trix I’, has to be used for this purpose, since this 
is just the matrix which interchanges the canoni- 
cally conjugate variables w! and wll (PTR LY 
is an action density, i.e., an invarient product of 
canonical coordinates and momenta). Equation (38) 
can now be put into the form* 


OU" / cot + VET + YF = Q™, 

Et tear et be =. (90) 
where Qi = (1/i)T',Q’, |and the eight-row matrices 
T'’ae defined by the relations 

gee (1 /i) r,0'-7 (8) (40) 
and satisfy the anticommutive: algebra 
My ViV a} — Sin I = 0. (41) 


The product of all three matrices I" gives a ma- 
trix which commutes with the whole three-dimen- 
sional group G, formed by /, the I°’, and their 
products 


ry = (1/2) VET. (42) 


From the definition of I’, follows its main property: 
* In order to make the numbering of the elements of 
yl wIlI continuous, it is better to choose a special 


representation, in whichP¥=(€, ¥, @,, Rod, Roo, 


hob, Roo) 


PELs) Sea (43) 


(i, k, l being a permutation of 1, 2, 3). The 
group G, ({f;, Ip] = OY zan be obtained by 
forming in analogy with (40), the eight-row matri- 


ces]’,, from the T,!,. The reflection matrices 
R,, are formed in the usual way 


Rr=Ui0T, (ns) (44) 


their properties in relation to Gy, G , being the 
same as in the 16-dimensional representation, 
except for the following new relations, which 
are absent in the latter case 


R:Rz = Ri, M, = 2) (45) 
M3; = R:R.R; = fe 


The scalar and pseudoscalar projection opera- 
tors now cannot be separated (note that the Lar- 
mor transformation matrix I‘, commutes with ro 
and both occur in the form of the operator 

3 
R= R= ("7/28 [] + Re) 
I (46) 


== 1/4 (1 Mi) 
(the operator II (G2 R60 


k=1 
vanishing identically). The 
vector projection operators are found as usual: 
An=T. RY; (n.s.), but the vectors and pseudo- 
vectors are again undistinguishable. 

The eight-dimensional representation I’ 4 is re- 
ducible, and we can extract from the contents of 
G, three anticommuting four-row matrices, 
which belong to the groupG,, of the Dirac matrices 
of electron theory. 

Tt would now be possible to go directly from 
equation (39) to a pure quaternion notation, but we 
shall make this transition by starting directly from 
the original wave equation 


(1,0 / 0x, + ko) ¥ = Q. (47) 


We now introduce a wave function which is com- 
plex even for a neutral field, letting I’, play the 


pat of V1; 
© = (/—T,)¥. (48) 


The equation 
r,® = — 0, T,0 = — R,9, (49) 
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which follows from (48), shows that one half of 
® repeats the other, apart from a sign. To spell 
this out, split ® into a potential and a tension 


) = (1/2 ky) U— ks) ®, 


a 


il ee (50) 
De eee 
Making use of (49), we then obtain 
ee eo alee = (51) 


If we now also split ®! and ®!! into parts by 


means of the relations* (52) 


aU — Ry) ®' = 9', (E+ Ri) O = 2", 
(i+ RO =o", 1,(.—R,) 07 = o™, 


we find that Po! = oF and ol = — oll’ There- 
fore +!) 
We now express the wave equation in terms of 
g and glk; 
(—i/cPT,0/0¢ + EV) ot + gt = gh, 
2 Il I 


(+ i/cE.T;0/dt +1 V)¢" + ke =q. 


oll are equivalent with 9? ¢T!’ 


We multiply both equations by I’,I’, and remember 
the properties of I., and I’, when operating on gl 

and gil, We find finally (I°, leads t oan identical 

labelling of the components of g! and gl!) 


ioe tel =", cots + kei =q, © 


tems Oeot shy Vim df cdt <x Ve 


Df Sane cay es ye Rear, = any 
and ees Gk = (0). Naa == See (54) 


t t 


The three matrices y, are connected with the 
Dirac matrices in the Kramers representation® by 
the relations 


Py Yo = % 1%, {gy = My %a%y. 


Go (55) 
Amongst the elements of the same irreducible 
representation of Gi, there exist three more ma- 
trices which have the same properties as the y,, 

but commute with them; they are 


Yi a 1K 1%, nC) SS 1%_%s, T3 — L030, . (56) 


* This division is already not covariant; for covari- 
ance one has to use the operator 1/2 (J +R,), \cf. 
Sec. 3. The further conclusions remain, since 
{PR7} = 0. 

6 H, A. Kramers, Proc. Roy. Acad. Amsterdam 40, 
814 (1937). 


Ry carrying out similar operations on the equa- 
tions eh) g aM ip 
(Cy 0/ 0x, + Ro) ¥ =Q, . 
wecan show that their reduction to a four-row no- 
tation gives the equations 
i Oe! cil oll = ae ne oe én. kee! ye oe (57) 
Both systems (53) and (57) are equivalent to 


the corresponding Klein equation by virtue of the 
identity 


Mo={— GR =—ve+ o/c oe. 


(58) 


Besides the condition of mutual commutability, 
a connection between jy, and y, can be estab- 
lished by means of the reflection operators 
Gene (n.s.). The properties of the r;, 
are the usual ones, but unlike the situation in 
the case of the 16-dimensional representation, 
multiplication of the r,; does not take us out of 
the framework of the four quantities (/, ry) because 


of the relations \7.y, = — jy. vy = ea 

lilk Ls ENh = eae 

Therefore en me 
TER Ely OT ret, Myvi. (59) 


The projection operators have the same proper- 
ties as the corresponding operators in the 8 
dimensional representation (see above). 


The elimination of the (non-covariant) longi- 
tudinal components of ! and gl! is done by 
means of the operator 

Te ee (rel 
3 
a »; iG = Wa (3 ae ave, 


hk=1 


(60) 


which converts the anticommuting four-row matrices 
into three-row matrices of the three-dimensional 
irreducible representation of the Kemmer algebra: 


PenT = Pa, (61) 


Bibb: + 81828; — Oix81 — On,8; = 0. 
Since the matrices y, satisfy, in addition, the re- 
lations 3:2, = — i8;\they can be transformed into 
Tamm matrices’. ; 

In this variant of the theory there is no possi- 
bility of a Larmor transformation, but here again 
the anticommuting matrices es Me may be ex- 
pressed, similarly to (17) in terms of two orthogonal 
sets of matrices §;: 


71. Tamm, Dokl. Akad. Nauk SSSR 23, 551, 1940. 


Aw AG) SB OlG ARE 


iC iw Bb, at Bi,» Pte B, Pie Pi. (62) 
It must be pointed out that the four-dimensional 
quantities of the type 4 — A, +A are not real 
quaternions, similar to Hamilton’s quaternions in 
three-dimensional space, because of the special 
treatment of the time. This is due to the pseudo- 
Euclidean character of the Minkowski world. 
For the same reason the result of the multiplication 
of the Cauchy-Riemann equations (53) is a hyper- 
bolic equation. 
In this way the present formulation of the theory 
may, with good justification, be called a pseudo- 


quaterniontheory, at least in the case of non-static 


fields. 
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CONCLUSIONS 


1. There exist relations which make it possible 


to use anticommuting matrices, not only in the 
theory of mixtures of meson fields, but also for 
pure’ fields. 


2. It is possible to replace the sixteen-dimen- 


sional reducible representation of the Dirac algebra 
by an eight-dimensional one. 


3. One may use, as kinematic matrices of pho- 


ton or vector meson theory, the reflection matrices 
of electron theory, Ya T1%2%s 
The connection of these with the Tamm matrices 
has been found. 


and 71%21sYa- 
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Interrelation between the Anisotropy of the Halli Effect | 
and the Change in Resistance of Metals | 
in a Magnetic Field. I. 
Investigation of Zinc 
E. S. BoROVIK 
Physico-Technical Institute, Academy of Sciences, Ukranian SSSR 
(Submitted to JETP editor January 15, 1955) 
J. Exptl. Theoret. Phys. (U.S.S.R.) 30, 262-271 (1956) 


The dependence of the resistance and the Hall effect for zinc on the magnitude of the 
angle between the axis of symmetry of the sixth order and the magnetic field is investi- 
gated for magnetic fields of up to 25,000 oersteds and for temperatures of 4 and 20 K. The 


possibility of explaining the observed regularities within the framework of present day 


theory is considered. 
INTRODUCTION 
A VERY large anisotropy of the resistance in a 


magnetic field has been observed for a number 
of metals. The resistance of a single crystal in a 
transverse magnetic field may change by 15 to 30 
times when it is turned about an axis parallel to 
the current. Such a strong anisotropy, observed 
for certain orientations of single crystals of gallium, 
zinc, cadmium and tin ~’, is unexpected, since in 
the absence of a magnetic field the anisotropy in 
the conductivity is small--of the order of tenths of 
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2B. G. Lazarev, N.M. Nakhimovich and EF, A. Parfenova, 
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a percent.” 

The strong anisotropy is manifested by the oc- 
currence of deep narrow minima, which we may call 
‘anomalous minima,”’ in the resistance, as plotted 
against angle of rotation. The position of the crys- 
tal which corresponds to the appearance of such an 
anomalous minimum is distinguished, as a rule, 
not only by the magnitude of the resistance, but 
also by the character of the dependence of the re- 
sistance on the magnetic field. In large fields the 
dependence on the field is mot found to be quadra- 
tic, but weaker, approximately linear.2-5 

It has previously been shown’-® that the delayed 
growth of the resistance in a magnetic field is 


6Halis , Collection of Physical Constants, ONTI, 
Moscow-Leningrad, 1937. 

7&. S. Borovik, J. Exptl. Theoret. Phys. (U.S.S.R.) 
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connected with the influence of the large Hall field. 
We might expect that the delayed growth of the re- 
sistance for orientations corresponding to anoma- 
lous minima would also be connected with the in- 
fluence of the Hall field. Hence an investigation 
of the anisotropy of the Hall effect and of its re- 
lation to the anisotropy of the resistance in a mag- 
netic field was undertaken. Zinc, a metal with a 
large anisotropy in its resistance”, was chosen as 
one of the first objects of the investigation. 

The anisotropy in the Hall effect in zinc was in- 
vestigated for the temperatures 300 and 78 ° K by 
Noskov!® and Lazarev!?, and for the temperature 
20°K by Logan and Marcus.!” The Hall effect in 
zinc has been investigated? at temperatures down 
to 4°K for one orientation of a single crystal. A 
brief communication of our results on the investiga- 


tion of the anisotropy of the Hall effect in zinc and 
tin at 4°K has been published.!4515 


1, METHODS OF MEASUREMENT AND CHARAC- 
TERISTICS OF THE OBJECTS OF THE INVES- 
TIGATION 


In works on the investigation of the anisotropy 
in the Hall effect either the magnitude of the Hall 
field for directions of the magnetic field parallel 
to the principal directions of the crystal is investi- 
gated or else, if the crystal is turned during the 
measurements, only one of the components of the 
Hall field is measured.!°-1? These methods may 
be considered satisfactory in the region of small 
magnetic fields. 

In the region of large magnetic fields the situa- 
tion becomes more complex. In the case, for exam- 
ple of the variation of the resistance in a magnetic 
field, it is clear that it is quite insufficient to 
know the magnitude of the effect for the principal 
directions in order to determine it for an arbitrary 
direction. One might expect that a similar situa- 
tion would occur for the Hall field. 

In order to obtain complete information concern- 
ing the magnitude and direction of the electric 
field in a metal located in a magnetic field when a 
current is passed through it, it is in general neces- 
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sary to measure all three components of this elec- 
tric field, E,, Ey; E,. The Hall field, in accord- 
dance with the mechanism by which it arises, must 
be perpendicular to the current but not necessarily 
perpendicular to the magnetic field. The compo- 
nents of the Hall field must change sign when the 
direction of the magnetic field is reversed. In 
order to measure both components (E and E__) of 
the Hall field and the electric field (Z_) in the 
direction of the current, the following setup was 
used. 

Using a cylindrically shaped sample, we mounted 
two pairs of electrodes on the surfaces cut perpen- 
dicular to the axis of the cylinder. The electrodes 
were placed approximately at the ends of two mu- 
tually perpendicular diameters of these cuts. With 
this arrangement, a measurement of the difference 
in potentials for the two pairs of electrodes per- 
mits the determination of both components of the 
transverse electric field. In order to determine the 
component, £, of the electric field parallel tothe 
current, two more electrodes were mounted at dis- 
tances of ~ 1/4 of the length of the crystal from 
its ends. The electrodes were made from thin wire 
(d=0.03-0.05 mm) and were attached by spot weld- 
ing. The positions of the transverse electrodes 
were determined by measurements made while the 
crystal was rotated under a microscope. 

The samples, placed in a cooling liquid, could 


be turned about their longitudinal axis, perpendi- 
cular to the magnetic field. 

Later, when we had confirmed the obvious fact 
that for a direction of the magnetic field parallel to 
one of the principal directions of the crystal the 
Hall field perpendicular to the magnetic field was 
zero (E_=0), we used a more convenient electri- 
cal method of determining the positions of the Hall 
electrodes. If the pairs of Hail electrodes are 
situated approximately along mutually perpendicu- 
lar principal directions in the crystal, then from the 
results of measurements of the difference in the 
Hall potentials for both pairs of electrodes and 
their possible combinations in pairs for two posi- 
tions of the crystal, with the magnetic field paral- 
lel to a principal direction, we may easily find the 
position of the electrodes corresponding to the 
condition that FE, =0. 

The setting up of a magnetic field parallel to a 
principal direction was done in accordance with 
the magnitude of the resistance in the magnetic 
field. The great sharpness of the minima which 
occur on rotation easily allows the setting up of 
the required direction with an accuracy of as little 
as 20 min. The error in the magnitude of the Hall 
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field on account of the inaccuracy in the determina- 
tion of the position of the electrodes js 1-3%. Dif- 
ferences in the Hall potentials were measured by a 
low resistance potentiometer with a scale of 10° 
volt per division. Secondary effects were excluded 
by reversing the direction of the current in the sam- 
ple and the direction of the magnetic field. 

The single crystal of Zn-10 which was investi- 
gated had the form of a cylinder of elliptical cross 
section with transverse dimensions of 0.9 and 


PK: 


ran Too: 


20.38 
6.00: 10> 
ice is the resistance for 0°C;r.., is the resistance 
for the temperature of the experiment and for H=0.) 


2. RESULTS OF THE MEASUREMENTS 


In the sample of Zn-10 the axis of symmetry of 
the sixth order was perpendicular to the longitudi- 
nal axis of the sample. If we direct the x axis 
along the longitudinal axis of the crystal, accord- 
ing to the direction of the current in it, then when 
the sample is turned about its longitudinal axis the 
axis of symmetry of the sixth order will turn in the 
y,z plane. We designate as w the angle between 
the axis of symmetry of the sixth order and the 
magnetic field directed along the z axis. 

The conditions of the experiment for zinc in the 
investigated temperature interval correspond to 
the region of essential change in the resistance in 
a magnetic field. Hence we will characterize the 
Hall effect by the magnitudes E/ E, and 


aE Dialed Figure ] shows the 


dependence of these quantities on the angle w be- 
tween the axis of symmetry of the sixth order and 
the magnetic field for 7=4,22° K and a field H = 
20, 200 oersteds. The variation of E aon is 
shown by curve | and that of E/E by curve 2. 
Curve 3 of the same figure shows, for comparison, 
the variation in resistance. Curve 3 is similar to 
curves obtained in reference 2 for crystals of 
corresponding orientation. 

The absolute magnitudes of the Hall field have 
sharp maxima for values of the angle w correspond- 
ing to the principal minima in the resistance, that 
is, for y=0 and 90°, and a less sharply defined 
maximum for the secondary minimum in the resis- 
tance at w=55°. 

The Hall field vector is perpendicular to the di- 
rection of the magnetic field only when it is direc- 
ted along one of the main crystallographic direc- 
tions.. The variation in the Hall field components 


a EY and Ls {= when the crystal is rotated is 


5.30-1074 
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1.00 mm and a length (between the potential leads) 
of 9mm. The axis of symmetry of the sixth order 
was perpendicular to the longitudinal axis of the 
sample, while one of the binary axes was parallel 
to it. The deviation from the indicated directions of 
orientations was less than the error in the measure- 
ments. The accuracy of the determination of orien- 
tation was within 1-2°. 

The following are the data for the dependence of 
the resistance of Zn-] 0 on the temperature: 


1.81] 
al Oa One 


AZ? 


135 ‘180 


a a 225 


Fic. 1. Dependence of the Hall effect and the change 
in resistance on angle of rotation of the sample for 
Zn-10. w is the angle between the axis of symmetry of 
the sixth order and the direction of the magnetic field, 
T=4,22 °K, H=20,200 oersteds. Curve 1 gives . E,3 
Curve 2, ESE; curve 3, ry/ Tor, 
shown in Figs. 2 and 3 for a number of values of 
the magnetic field. Since the diagram for Zn-10 is 
sufficiently symmetrical (Fig. 1), we shall, in what 
follows, limit ourselves to a study of the interval 
in w lying between 0 and 90°. 

It is curious to note that the Hall effect for a 
crystal with an axis of sixth order parallel to the 
curent is positive down to helium temperatures, 
but for crystals with an orientation such as obtains 
in Zn-]0 it is positive to T= 90. 4° Kilts Poe 
Zn-10 at T= 4.22 ° K in a very high field (20, 200 
oersteds) the magnitude of E/E, is positive only 
in a narrow interval of angles (y=15-45°). The 
magnitude of the Hall field for y=0°, which is 
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He. & Dependence of the Hall field o 
Lonel=An22, 


H=9850, and curve 4 for H=15, 200 oersteds. At w=0 
curve 3 and E./ E_=-0.56 for curve 4. At 


Ww E ie 
=O). Tim 
-0.515 for curve 4. 


0 3 60 9 ¢ % 


Pie s3 


n angle of rotation for Zn-10, E /B 
K. Curve 1 is for H=2350, curve 2 for H=3000, curve 3 for 


/ E,=-0.465 for : 
-0°54 for curve 


2 E,/ E .=-0:575 Yor cuve 3 and E,/ Ee 


iG, 3% Dependence of the Hall field on angle of rotation for Zn-10. E [ix 
for T=4.22 ~K. Curve 1 is for H=2350, 2 for H=5000, 3 for H=9850, 4 for 
H=15,200, and 5 for H=20,200 oersteds. 


negative for high fields, first decreases rapidly in 
absolute value as the magnetic field is decreased, 
then changes sign and at // =2350 oersteds al- 
ready has a rather large positive value. For /= 
2350 oersteds the magnitude of Ey is positive 
in the greater part of the angular interval. 

The curves for the longitudinal component of the 
Hall field E /£ (Fig. 3) give, as they should, 
zero values for directions of the magnetic field 
coinciding with the principal directions in the crys- 
tal: y= 0° and w=90°. The magnitude of E/E, 
has a maximum in the region W=40-50°. As the 
magnitude of the magnetic field is decreased, the 
value of Beas for all orientations first in- 
creases, then passes through a maximum and be- 
gins to decrease. 

The complex character of the dependence of the 
Hall field on the angle & shows that in a study of 
the anisotropy of the Hall effect in zinc we cannot 
limit ourselves to a study of the magnitude of the 
effect in the principal directions, but must obtain 
the entire picture of its variation with angle of 
rotation. 

Diagrams showing the variation of the resistance 


of Zn-10 with angle of rotation in magnetic fields 
H< 20,000 oersteds are presented in Fig. 4. The 
curves in Fig. 4 are similar to the curves obtained 
in Ref. 2 for crystals of the same orientation, but 
are distinguished from them by a rather greater 
value of the increase in the resistance, in con- 
formity with the smaller value of the residual re- 
sistance of our sample. 

Figure 5 shows the variation in the magnitude 
of the Hall effect and of the resistance with the 
angle w for Zn-10 at 20.38° K and // = 20,200 
oersteds. LHere E yey is positive for almost the 
entire angular intérval and only becomes negative 
close to 90°. The conditions of the experiment 
from zinc at 7’= 20.4 © K still correspond to a re- 
gion of essential increase in the resistance in a 


magnetic field (Ar/r op =2.5 -5). The character of 

the angular dependence of the Hail field is still 

sufficiently complicated that the study of the Hall 

effect cannot be limited to the principal directions. 
The dependence of the Hall field and of the 


change in resistance in a magnetic field on the 
magnitude of the field is shown in Fig. 6 for T= 


90.38 °K. The Hall field for y= 0° reaches its 
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Fic. 4. Dependence of the change in resistance of Zn-10 in a magnetic 
field on the angle of rotation. T= 4,22 °K. Curve 1 is for H=2350. 
2 and 2a for H=5000, 3 for H= 9850 , and 4 for H=15, 200 oersteds. 


Fic. 5. Dependence of the Hall field and of the change in resistance on 
the angle Satine for.Zn=10.) 5=20. 38) “Kk, 2 =20. 200" 0erstedss Curve! 
gives E,/ Ee 2 gives eae and 3 gives Ar / "oT: 
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FIG. 6. Dependence of the Hall effect and of the change in resistance on 
the magnitude of the magnetic field for Zn-1Q at 20.38 (Kk. Curve | gives, 


Bye for y=0°, 2 gives Ar/top for w=0 , 3 gives Ar/r yr for w=35 
4 gives Ar/ Tor for W=90 . 
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Fic. 7. Dependence of the magnitude of the Hall field and of the change in 


resistance on the 
Curve A gives E 


agnitude of the magnetic field for Zn-10 at T=4,22 Ke 
E for W=90- , B, gives E vy ES 


for.a=35)<; B, gives 


EB / E,, for p= 35 °. C gives ry/ tor for W=90-, D gives rl op for y=35.° 


The scales for the curves are designated by the same letters. 


maximum value £ /E_ =0,.29 for 1~9000 oersteds. 
The values measured for w=90° had a large error 
and were not put on the graph. Fory=90" the 
liall field changes sign at H~ 9x 10° oersteds and 
becomes positive at small fields, so that for small 
fields the magnitude of FE /£ > 0 for all values 
of the angle y. The crossing of curves 3 and 2 of 
Fig. 6 at i= 5000 oersteds is also noteworthy. 
It indicates that the minimum at y=90° on the dia- 
gram showing the variation of resistance with angle 
of rotation in a magnetic field disappears for 
H < 5000 oersteds. 

Figure 7 shows the dependence of the magnitude 
of the Hall field and of the change in the resistance 
on the magnitude of the magnetic field for T =4.22° 


K and for two values of the angle w. For an orien- 
tation of the hexagonal axes of the crystal perpen- 
dicular to the field (w=90°) the curve for the Hall 
field (curve A in Fig. 7) has the maximum which 
is typical of metals having equal numbers of holes 
and electrons.15 At its maximum, /E, has a 
large magnitude ( E/E = 0.6), aa after the 
maximum the Hall field falls slowly. The curve 
showing the variation of the resistance in a mag- 
netic field is linear at large fields (curve c in 
Figied): 

For w=35°, corresponding to the maximum in the 
plot of resistance versus angle of rotation (Fig.1), 
the magnitude of the | Hall field is characteristically 
much smaller. Cf. curves B, and B, of Fig. 7, in 
which we observe only the decreasing portion of the 
curve after the maximum, this maximum lying some- 


where in the region of smal/ fields. The curve for 
the change in resistance is almost quaaratic. Ina 
field of 25,000 oersteds the resistance is increased 
by more than 600 times its magnitude in the absence 
of field and exceeds by more than 20 times the 
value of the resistance at the same field for 

w= 90°. 

Figure 8 gives the results obtained for y=0° 
(hexagonal axis parallel to the magnetic field) for 
temperatures of 4,22 and 1.81 °K. The curves for 
the change in resistance (curves 3 and 4) are simi- 
lar to the curves obtained in references 2 and 16; 
the irregularities are obviously connected with 
quantum oscillations which occur at the particular 
values of the field involved. These quantum oscil- 
lations are most noticeable on the curves for the 
Hall field (curves 1 and 2). Just as for y=90°, the 
absolute magnitude of the Hall field is large (the 
maximum observed values of E/E, ~ 0.8) and in 
the region of fields investigated E /E., increases 
steadily with field. The change in sign of the Hall 
field at H =3600 oersteds is noteworthy. 

Figure 8 also gives, for comparison, the depen- 
dence of the magnetic susceptibility on the field 
(curves 5 and 6), according to results obtained in 
references 17 and 18. Although there is not com- 
plete correspondence between the oscillations in 


16NM. Nakhimovich, J. Exptl. Theoret. Phys. 
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Fic. 8. Dependence of the magnitude 
of the Hall field and of the change 
in resistance on the magnitude of the 
magnetic field for Zn-10. La Oi 
Curve | gives E/E, for 7=1.81, 
2 gives E/E, for T=4,22,3 gives 
Tylor for aa 1.81, 4 gives Hl Tor 
for T=4.22 ~ K; 5 is the curve of the 
magnetic susceptibility X for Y=0~ 

eo} 
at T=14 Ki7. 6 is the curve of the 


difference of the principal, suscepti- 
bilities for T= 4.22 °K.18 


the two curves, the periods of the oscillations in 
the curves for the Hall field and for the magnetic 
susceptibility are quite the same in order of magni- 
tude. Results involving quantum oscillations have 
been discussed in previous communications. ; 


3. DISCUSSION OF RESULTS 


The results obtained indicate that for zinc, just 
as for tin, /4 the minima in the resistance corres- 
spond to increased values of the Hall field. How- 
ever, these increased values of the Hall field can- 
not completely explain the slow increase in resis- 
tance in a magnetic field for y=0° and y=90°, 
since, for example, for wy =90°, the slow increase 
in resistance in a magnetic field continues even 
after E, /E, has passed through a maximum and 
has begun to decrease. 

We shall try to explain, at least qualitatively, 
the connection between the electronic structure of 
the metal and the character of the diagrams show- 
ing the variation of properties with angle of rota- 
tion (Figs. 1 through 5). 

A model in which account was taken of the ani- 
sotropy of the effective mass for the electrons in 
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the upper energy zone has already been considered 
in the early works of Blochinzev and Nordheim)? 
and Kontorova and Frenkel’?°: the mass of the 
holes was considered isotropic. A much more gen- 
eral consideration of the question of the effect of 
the anisotropy on galvanometric phenomena in 
metals with overlapping Brillouin zones has been 
given in an article by Dimitriev??; unfortunately 
the author came to the mistaken conclusion that the 
phenomenon of saturation should be observed for al] 
metals. The question in which we are interested, 
that of the anomalous minima and, in general, of 
the form of the diagrams showing the variation of 
properties with angle of rotation, has not been 
treated in the literature. 

In considering a metal in which the overlapping 
of zones is small and the number of electrons in 
the upper zone is small, it is expedient to con- 
sider separately in the upper zone groups of elec- 
trons the excited members of which lie close to 
each pair of opposite surfaces of the polyhedron 
bounding the first zone. Of course, such a divi- 
sion of the electrons into groups is possible only 
if the Fermi surface is cut into separate isolated 
sections by the polyhedron bounding the first 
zone, that is, if the number of holes as well as 
electrons is small. 

If the binding of the electrons in the lattice may 
be considered weak, then for such a separate group 
the components of the reciprocal mass tensor for 
directions parallel to the bounding surface of the 
zone must be only slightly different from the free 
electron values 1/m,. The component of the 
reciprocal mass tensor for the direction perpendi- 
cular to the bounding surface h-* 9? F/d ke must 
be larger, and the corresponding component of the 
effective mass m, * must be smaller, than the free 
electron mass. It is clear that if the condition of 
weak binding is not observed, we may still con- 
sider as true in the general case the statement 
that the effective mass for acceleration in a direc- 
tion perpendicular to the surface of discontinuity 
in the energy must, for such individual groups of 
electrons, be smaller than in other directions. A 
decrease in the value of the effective mass also 
obtains for holes situated near the surface of 
discontinuity in the energy. However, in their case 
the value of the effective mass grows very quickly 
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with distance from the surface of discontinuity and, 
in the case of weak binding, may become substan- 
tially greater than the free electron mass even at a 
fairly small distance from this surface. Hence we 
may expect an especially large anisotropy of the 
effective mass for holes. 

Under experimental conditions of very low tem- 
perature, when we are in the region where the re- 
sistance is almost independent of temperature, the 
electron distribution is determined mainly by alter- 
ations of the lattice due to impurities. In this case 
we may with sufficient accuracy consider the proba- 
bility of collision of an electron with the lattice as 
isotropic, independent of the electron’ s direction 
or movement. If the average time between colli- 
sions is isotropic, then we may generalize the for- 
mulas given in Refs. 19 and 20 and consider the 
general case with certain groups of electrons with 
anisotropic effective masses. However, as is 
clear from the work of Dimitriev,?! these general 
formulas will be of only limited applicability. On 
the other hand, in the present state of the theory 
excessive detailization might seem premature. 
Hence we limit ourselves to the particular cases 
which we need. 

Let us consider the properties of a metal which 
has one group of holes with concentration n, and 
one group of electrons in the upper zone with con- 
centration 7, We suppose that our coordinate 
axes are chosen directed along the principal axes 
ofthe tensor 1 @£(k) . The current flows 


he Ohad? 
along the x axis, and the magnetic field is paral- 
lel to the z axis (H= H, ). We designate the magni- 
tudes of the effective masses for the holes by 
j;; and for the electrons by m,, (i= 150 3) set he 
average time between collisions we call 7, for 
the holes and 7, for the electrons. Then in the 
absence of the magnetic field the electric con- 
ductivity is 

met, NC? T. 
Lie = 
Yaa myy 


=F oa + on (1) 


The electric conductivity in the magnetic field is 


, ” 


{qi 1+ 


S55 Con Ey 2 
ees z raealtea) 


2 


and the Hall field, from the condition Jy=0; is 


HALL EFFECT 


nye? / (1 + 6%) — nee / (1 +) 
a ny V war / B22 1/ (1 + 91) + nV may] M22 Pe (i= 93) 


' 2 . ” 2 
where 9), = 1,€°% /j4y, and of = 1,€°t, / my 
are the electric conductivities in the diréction of 
the x axis, with 0’, depending on the holes and 
a’, depending on the electrons, while ), = 


yer | a9 and. Sie Nz?% / M2 are the corre- 


sponding conductivities in the direction of the 
y axis. Here 


o, = eft, /c V tastes: (4) 


hy = cH, / CV my myo. 


Formulas (1) through (4) are not very different from 
the formulas for the isotropic model. 

The effective magnitude of the magnetic field, 
which is determined by the dinensionless variables 
gq depends on the geometric mean of the effective 
masses for the directions x and y. 

If the principal directions of the reciprocal ef- 
fective mass tensor do not coincide with the cho- 
sen coordinate axes, a z-component of the electric 
field will occur, and the expressions will become 
notably more complicated. Although we have not 
determined the exact form of these expressions, we 
may make some general remarks. 

From what has been seen above, the solutions of 
the equations of motion must contain periodic terms, 
functions of dimensionless parameters ¢’ and »”, 
of the type of the magnitudes g and ¢ introduced 
in (4). These magnitudes yy and ~’’ must now also 
be contained in the non-diagonal components of the 
reciprocal effective mass tensor. The magnitudes 
yp’, 9’ characterize the effective magnitude of the 
magnetic field. In the general case of arbitrary 
direction of coordinate axes, it follows from con- 
siderations of symmetry and dimensionality that 


{933 S25 \( E, y 
TATE ey + Fee Alen app 


where the magnitudes ¢’ and ¢”~eH/lc go 
over into g, and @, which were introduced in (4), 
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when the coordinate axes coincide with the princi- 
pal directions of the reciprocal effective mass 
tensor. 

It should be noted that for orientations of mag- 
netic field and current coinciding with the princi- 
pal directions of the effective mass tensor, the 
geometrical average of the effective masses in a 
direction perpendicular to the surface of discon- 
tinuity in the energy will enter into the magnitude 
gy. If the conclusion that the effective mass in a 
direction perpendicular to the surface of discon- 
tinuity in the energy should be less than in other 
directions is correct, then for a direction of the 
magnetic field perpendicular to the boundary of 
the zone, YV My {Moo 
value in comparison with orientations of the field 
parallel to other principal directions. The magni- 
tude of the effective value for this direction will 
be less than for other directions, and the increase 
in resistance in the magnetic field will also be 


will have a maximum 


less. 

In the general case of several groups of elec- 
trons and holes a sum of terms similar to those in- 
troduced in (5), each of which will correspond to a 
single group of holes or electrons, will enter into 
the expression for on: We will have a minimum on 
the diagram showing change in resistance in the 
magnetic field versus angle of rotation each time 
one of the surfaces of the polyhedron of the first 
zone becomes perpendicular to the field. The mini- 
ma will be obtained only for those surfaces which 
intersect the Fermi surface. These qualitative 
observations give a picture which corresponds in 
general to the experimental rules for the change 
in resistance in a magnetic field formulated in 
Refs. 5 and 14, and to the results obtained here for 
zinc. An exact comparison with the results of ex- 
periment is made difficult by the fact that because 
of the behavior of the remaining groups the posi- 
tion of the minimum in the resistance may be dis- 
placed and field-dependent. Metals which have a 
very complicated structure in their angular-depend- 
dence diagrams, with a great number of minima 


zo 


(Sn, Ga) have a complex crystalline cell and the 
form of their energy zones has not been calculated. 
This explanation seems to be contradicted toa 
certain extent by the disappearance of most of the 
minima in the angular-dependence diagrams at low 

fields. 

With respect to the Hall effect, it follows from 
the indicated considerations only that for points of 
minimum resistance LE. / E_ will have an extreme 
value, but it is impossible to say whether it will 
be a maximum or a minimum, since the Hall field 
is determined by a difference in terms corre- 
sponding to the behavior of groups of electrons 
and holes. 

We liniit ourselves here to just these qualita- 
tive indications as to the possibility of theoreti- 
cal explanation of the experimental results. 


CONCLUSIONS 


As aresult of this investigation of the inter- 
relation between the anisotropy of the Halli effect 
and the change in resistance in a magnetic field, 


it has been established that the minimum in the 
plot of resistance versus angle of rotation corre- 
sponds to a maximum in the Hall field. It is 
shown that for zinc at 7 < 20° K it is impossible 
to derive complete information about the Fall effect 
from measurements of its magnitude made only for 
the principal crystallographic directions, and that 
it is necessary to study the complete variation with 
angle of rotation. By qualitative consideration of 
the properties of a zone niodel for a metal, the 
Fermi surface of which intersects the polyhedron 
bounding the Brillouin zone, it is shown that this 
model can explain the experimentally observed 
form of the angular-dependence diagrams. 

In conclusion the author expresses his thanks 
to Professor B. G. Lazarev for his interest in the 
work and to V. I. Sharonov for help in the measure- 


ments. 


Translated by M. G. Gibbons 
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We have investigated the changes in the probe current in relation to the location of the 
probe within a rarefied flame. An assumption is introduced pertaining to the mechanism of 


ionization in the reaction zone of a flame. 


hysicists are interested in two phenomena tak- waves passing through the flames. All the inves- 


P 


ing place within flames--radiation and ioniza- 
tion. Spectrum investigations have given us means 
for studying a large number of molecules, atoms, 
and radicals present in flames, and also allowed us 


tigations of flame ionization have been carried out 
at atmospheric pressure. Only recently, Rossi- 
khin, Protopopov, Martyniuk and Tsikora® investi- 
gated electrical conductivity of a non-stationary 


to gain an understanding of some elementary pro- 
cesses taking place in a flame. Ionization of 
flames is less thoroughly understood. For the in- 
vestigation of this phenomenon we have employed 
the method devised and described by J. J. Thomson 
and G. P. Thomson! , and by H. A. Wilson.” An- 
drew, Axford, and Sugden,? and later Shuler and 
Weber* have developed a new method based on the 
measurement of the damping of ultrashort radio 


flame under the pressure of 200-400 mm Hg, while 
Jost and Wagner® have studied ionization of a 
cold flame under the pressure of 200-700 mm Hg. 

In our present work we have investigated elec- 
trical properties of flames under pressures of 30- 
50 mm Hg by means of a probe similar to that used 
by Heumann’ in his studies of flames burning under 
atmospheric pressure. 


suction pump 


air 


|! {I 
B 


FIG. 1. Schematic drawing of the apparatus; K-camera 
of burning, M-manometer, Py P2 -theostats, Z-probe, 
V-voltmeter, G-galvanometer, B-batteries. 


eee 
Figure 1 shows the schematic drawing of the 


shape and is made of 3 mm thick iron. Its di 
i : a : ° lamet 
apparatus; camera of combustion is cylindrical in ae 


is 30 cm, and its height 40 cm. The metallic 
hearth is covered by a removable copper lid coated 


u 
J. J. Thomson and G. P. Thomson, Conduction of with nickel. The lid contains several openings of 


Electricity through Gases. 3rd ed., Cambridge, 1928. 


2 3 
H. A. Wilson, Revs. Mod. Phys. 3, 156 (1 . 
Modern Physics, Blackie, 1944, yf , 156 (1 931); 


5 
S. Rossikhin, A. K. Protopopov, L. A. Martyniuk and 
I. L. Tsikora, Nauchn. Zap. Dnepropetrovsk Mining 


3 
E.R. Andrew, D. W. E. Axford, And T. M. Sugden, Institute, 41, 9 (1953). 


Trans. Farad. Soc., 44, 427 (1948). 


6 
W. Jost and H. G. Wagner, Naturwiss 40, 435(1 953). 


4 
K. E. Shuler and J.Weber, J. Chem. Phys., 22, 491 7 
T. Heumann, Spectrochimica Acta. 1, 293 (1940). 


(1954). 
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2mm diameter. The inflammable mixture is ignited 
by means of an induction coil. We have investi- 
gated the inflammable mixture of C,H, .and air, with 
the volumetric concentration of the former, c=7 per 
cent. The rarefied flame may be divided into three 
parts: the bright-green part in the shape of a disc 
with adiameterof 40 mm and thickness of 5-7 mm 
(this part is known as the zone of reaction); the 


part between the zone of reaction and the swface of 


the hearth; and the region above the zone of reaction. 
The last has a barely visible violet tinge. 

The probe, which was in the form of a platinum 
sphere of 0.95 mm diameter, was moved along the 
height of the flame, and its location was fixed by 
means of a viewing tube. The system of the probe 
and the hearth was subjected to a current of known 
intensity. 


Luh 


zone of 
yteaction 


0 7 Wy J g 5m 


Fic. 2. Dependence of the 
probe current on the position 


of the probe in the C, Ho -air 
flame burning at a préssure 


of 30mm Hg 


Figure 2 shows the curves which depict the re- 
lationship of the current to the location of the 
probe.* Curve 1 was produced at the probe poten- 
tial V, =-5V, curve 2 at the potential V,=0, curve 
3 at the potential V, = +5 V. The flame was burn- 
ing under the pressure of 30 mm Hg. Investigation 


of the curves indicates that the maximum current 
in case of a negative probe occurs at the zone of 


reaction, and that it does not coincide with the 
maxima of the positive and the zero probe; for the 
latter two the maxima lie above the zone of reac- 
tion. Diffusional flow of electrons and negative 
ions onto the zero probe invariably produces a 


stream of positive ions. 
Figure 3 shows curves which depict the rela- 


tionship of the current to the location of the probe 
under the pressure of p= 50 mm Hg, with all other 
conditions remaining unaltered. Comparison of 


*Current of curve 1 is opposite in direction to the 
currents of cuves 2 and 3. 


J 
zone of 2 
reaction } 
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Fic.3. Dependence of the 
probe current on the position 


of the probe in the C,H, -air 
flame burning at a presSure 


of 50mm Hg 


Figs. 2 and 3 shows that: 1) with the increase of 
pressure the current on the negative probe dimin- 
ishes; 2) as the pressure mounts higher the cur- 
rent on the positive probe increases pronouncedly 
while the current on the zero probe increases less 
markedly; 3) the distance between the maxima of 
currents on the negative, the positive, and the 
zero probes diminishes with the increase of pres- 
sure. 

This experimental material can be explained if 
we accept the assumptions listed below. 

1. Formation of the positive and the negative 
electrons takes place in the zone of reaction. The 
most plausible reaction leading to the formation of 
the positive and the negative ions appears to be 


M+ OH'—>M*+ 08H, (1) 


where M represents carbohydrogen molecules or 
radicals of the type C_H_ and C_, with a considera- 
ble store of inner energy; OH’ represents excited 
hydroxyl. Potential of excitation of the band 


OHA = 3064 is equal to 4 ev; for the other bands of 
OH, potentials of excitation were quite high. Ac- 
cording to the data obtained by Smith and Sugden,® 
electronic affinity of OH is equal to 3 ev. Carbo- 


hydrogen molecules and radicals present in the 
zone of reaction are known to have ionization po- 


PHL. Smith and T. M. Sugden, Proc. Roy. Soc. A211, 
31 (1952). 
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tentials of 8 to 12 ev. It should be noted that, ac- 
cording to the rule, radicals have ionization poten- 
tials smaller than the ionization potentials of the 
corresponding molecules. For this reason the energy 
reaction (1) becomes acceptable. 

2. Ion-radical OH enters the reaction fairly 
rapidly, and produces a more complex molecule con- 
taining an extra electron, 


M, -+ OH — ™M,OH- (2) 
or else produces free electrons 
M, + OH” -> M,OH a @. (3) 


3. Positive ions are formed in response to the 
process of polymerization, as a result of which particles 


with diameters of the order of 100-500 A can 
be produced. Figures 2 and 3 show that the stream 
of positive ions flowing onto the probe diminishes 
sharply after the departure from the zone of reac- 
tion. This is caused by the diminution of mobility 
of the positive ions. 

This analysis of the experimental data can be 
countered by the following possible processes: 

1) thermoelectronic emission from the probe, 2) 
thermoeffect produced in the electric circuit, 

3) photoeffect, 4) exothermal reactions originating 
on the surface of the probe, 5) removal of the con- 
duction electrons from the surface of the probe by 
the excited particles. 

A thermocouple introduced into the rarefied flame 
gives a temperature reading of ~ 1000° K. The 
probe placed in this flame assumes the same tem- 
perature. Under this condition the current of ther- 
moelectronic emission off the probe is smaller by 
several orders than the current observed. 

Thermoeffect on the electric circuit has also no 
conspicuous influence onthe probe current; this 
has been proven by the work of Heumann’ who has 
studied various interferences in detail. 

The probes were made of material in which work 
of emission is high and which is consequently 
characterized by a short limiting wavelength of the 
photoeffect. For example, the limiting wavelength 
for platinum is A, = 1900 A, and for nickel A,= 
2490 A. The reducing part of the flame’s rays falls 
within the visible region and is near the ultraviolet; 
for this reason the photoeffect plays no great part 
in our work. 

Any important influence exercised by the exo- 
thermal reactions on the probe cwrent is eliminated 
by the fact that with the increase of pressure, the 
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current on the negative probe diminishes. 

The most conspicuous influence can be produced 
by the excited radicals, atoms and molecules. In 
the first place such an influence could be exercised 
by the excited hydroxyl. When the molecules or 
atoms of a negatively charged gas collide with a 
metallic surface, the removal of an electron and 
formation of a negative ion is quite possible. To 
have this process accomplished it is necessary 
to satisfy the condition 


E. + Es > %: (4) 


where E , is the affinity of the particle for an 
electron, 1S is is the energy of excitation, ¢ is the 
work function for the metallic surface. For most 
metals the latter is of the order of 4--5 ev. For 
this reason condition (4) for the excited hydroxyl 
is fulfilled. While dealing with experimental data 
we should take into consideration the possibility 
of the process of removing the electrons from the 
probe by the excited hydroxyl. 

A layer of gas forms around a probe placed in the 
flames. Excited particles are not produced in this 
layer. If the thickness, /, of this layer satisfies 
the condition /> ri, the removal of the electrons 
from the probe by the excited particles does not 
take place (A represents the mean free path of the 
gas molecules, r the number of collisions neces- 
sary for the deactivation of an excited particle). 
According to the data of Gaydon and Wolfhard,” 


r= 40--100 for the excited hydroxyl. 

On the bases of these deductions the current on 
the negative probe should diminish with the dimu- 
nition of pressure, which fact was indeed observed 
in our experiment. However, the inspection of 
curves on Figs. 2 and 3 shows that the process of 
removal of the electrons is not of paramount impor- 
tance. If this process were of stronger influence 
than the others, then the current on the zero probe 


would have the direction opposite to that observed 
in the experiment. 


In conclusion we would like to express our deep 
gratitude to V. S. Rossikhin for his valuable help 


in this work. 


9 
A. G. Gaydon and H. G. Wolfhard, Proc. Roy. Soc. 
(London) A194, 169 (1948);.A208, 63 (1951). 


Translated by R. G. Huzarski 
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Paramagnetic resonance was measured in a number of 
bon. The measurements were carried out at 295° 


176.1 and 20me. 


N1953 Castle! detected paramagnetic resonance 


in thin layers of graphite. In 1954 a number of 
investigators” ° established that paramagnetic 


resonance is present in certain other forms of car- 
bon (in activated wood charcoal, charred organic 
substances). We undertook to investigate various 
types of coal, organic tars and certain other sub- 
stances containing free carbon. 


1. Procedure 


A block diagram of the installation is shown in 
Fig. 1. High frequency vibrations were produced 
by a klystron generator which was fed by a stabi- 
lized source of current. The frequency of the gen- 
erator was measured by a wave meter with an ac- 
curacy of +0.03%. The high frequency power o 
the generator was vontcollad by a thermistor bridge. The 
high frequency signal from the generator ‘was intro- 
duced to the resonance cavity through an attenua- 
tor (5-10 db). After the signal emerged from the 
cavity it was rectified, amplified, and finally intro- 
duced to the vertical plates of an oscillograph. In 
the different measurements two types of amplifiers 
were used: 1) a narrow band amplifier at 400 
cycles for observing the maxima of the curves 
X “=X ’’(H) and 2) a broad band amplifier for ob- 
serving the overall shape of the curves X “=X *’(H) 


The specimen of the substance under investiga- 
tion was placed into the resonance cavity, which 
was located between the poles of the electromag- 
net producing the static magnetic field H of a 
strength up to 10000 oersteds. The magnetic field 
was modulated by coils wound on the pole pieces 
of the electromagnet. The modulations coils were 
fed by a 50 cycle current from the line circuit 


1) G. Castle, Phys. Rev., 92, 1063 (1953). 

27. G. Castle, Phys. Rev., 95, 846 (1954). 

or R. Henning, B. Smaller and E. L. Yasaitis, Phys. 
Rev. 95, 1088 (1954). 

od DY ELD. Ingram and J. E. Bennett, Phil. Mag. 45, 
545 (1954). 

5p), J. E. Ingram and J. M. Tapley, Phil Mag., 45, 
1221 (1954). 


substances containing free car- 


and 90° K at the frequencies 9450, 536.76 


(during broad band amplification) or a 200 cycle 
current from a sonic frequency generator (during 
narrow band amplification). The amplitude of 
modulation was kept strictly constant during the 
experiment. During narrow band amplification, 
values from 0.1 to 50 oersteds could be assigned 
to it and during broad band amplification values 
from 0.5 to 700 oersteds. The modulated current 
was introduced through a phase changer to the 
horizontal plates of an oscillograph. The determi- 


nation of the H* values was carried out by proton 
resonance. For this purpose a generator was used 
the frequency of which could be varied gradually 
from 10 to 20 mc. The measuring coil of the pro- 
ton generator, containing an ampoule with a weak 
aqueous solution of MnC1.,( 0.01 mole /1) was 
placed in the field of the electromagnet, directly 
under the resonance cavity. The uniformity of the 
static magnetic field was such that when the 
measuring coil containing the solution of MnCl 
was placed into that position in the field which 
(during measurements) was occupied by the speci- 
men of the substance under investigation, there was 
hardly any change in the picture of the proton 
resonance on the screen of the oscillograph. Pro- 
ton resonance was registered by the method of 
Zavoiskii from the changes in the anode cwrent. 
By means of successive switching it was possible 
to obtain signals on the screen of the oscillograph 
from the three centimeter generator and from the 
proton generator. The amplitude of modulation in 
the measurements of proton resonance had the 
value 0.2 oersted. For a value of field H=H* ; 
corresponding to electron resonance, the frequency 
of the proton generator was changed until such 
time when no proton resonance line appeared on 
the screen of the oscillograph. 

The frequency, corresponding to proton resonance, 
at a given value of H* , was measured by a hetero- 
dyne wave meter with an accuracy up to 0.1 Vhs a he 
is this value which mainly determines the accuracy 
of the experiment. The calibration of the magnetic 


6k. K. Zavoiskii, Dissertation, Phys. Inst., Academy 
of Sciences, 1944. 
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Fic. 1. Block diagram of the high frequency apparatus. 
]-stabilized power of supply, 2-klystron generator, 
3-wave meter, 4-power control, 5-attenuator, 6-resonance 
cavity, 7-crystal detector, 8-stabilized power supply, 
9-generator of proton resonance, 10-heterodyne wave 
meter, ]1]-narrow band amplifier, 12-wide band ampli- 
fier, 13-oscillograph, 14+phase changer, 15-audio fre- 
quency generator, 16-modulation windings of the elec- 
tromagnet, 17-change-over switches, 18-electromagnet 
windings, 19-measuring coi! of the proton generator, 
20-apparatus for the field strength H of the electromag- 
net, 21-source of supply for the electromagnet. 


field during broad band amplification was carried 
out by the luminous modulation of the oscillo- 
graph tube. 

The measurements at the frequencies 536.7] and 
176.1 me were carried out by the Zavoiskii method 
of the grid current.° The grid current of the ap- 
propriate generator was connected to the input of 
the narrow band amplifier instead of the current 
from the detector of the three centimeter instal- 
lation. The calibration of the magnetic field in 
this case was carried out by the free radical 
«,« -diphenyl-§ -trinitrophenylhydrazyl, the g-fac- 
tor of which was determined at the frequency 9450 
mc by means of proton resonance and found to equal 
2.004 + 0.002, which is in agreement with the 
measurements of other authors.” 

The width of line in the free radical, determined 
at the frequency of 9450 mc, was found to equal 
2+ 0.5 oersteds, which is in agreement with the 


7 
data of Chu et al. The absorption curve of the 
free radical obtained at the frequency 9450 me is 
given in Fig. 2a. 


2. Measurements of paramagnetic resonance 
in anthracite 


An easily measurable effect with a very narrow 


’T. L. Chu, E. Pake, D. E, Paul, J. Tawsend and 
S. I. Weissman, J. Phys, Chem. 57, 504 (1953). 
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resonance line was found in the anthracite speci- 
mens. The shape of the absorption curves was 

found to be strongly dependent on the form of the 
specimens and on the frequency of the oscillating 


magnetic field. 
The photographs of the signals observed on the 


screen of the oscillograph by the method of broad 
band amplification at 9450 mc are shown in Fig. 2. 
The anthracite specimens had equal areas 11.3 x 
4.4 mm and differed in the thickness (2d), For 
the specimen b the thickness 2d= 0.25 mm, for 
c= 0.5 mm, for d =0.8 mm, for e=1] mm and for 


f=2 mm. 


The specimens were located on the bottom of the 
resonator with the long axis along the magnetic 
lines of force. They were insulated from the metal- 
lic bottom of the cavity with parchment. The char- 
acteristic distortion of the shape of the absorption 
line, which was observed in the thicker speci- 
mens and which becomes almost unnoticeable in 
the samples with the thickness of 2d < 0.25 mm, 
finds an explanation in the considerable electro- 
conductivity of the anthracite. The effect of the 

electroconductivity on the shape of the line of 
magnetic absorption was theoretically analyzed by 
Bloembergen.8 ‘ 

For an infinite flat conducting plate he found 
that in the limiting case, when the depth of pene- 
tration of the field into the plate 5 >>d, the mag- 
netic losses should be proportional to 1 + 
Q7(X’°+X*), In the other limiting case, when 
6>>d,the magnetic losses should be the same as 
in semiconductors. 

A qualitatively experimental substantiation of 
the effect of conductivity on the shape of the 
absorption line was obtained by Bloembergen by 


comparing the curves of the derivative of the coef- 
ficient of paramagnetic absorption, produced by the 
Cu®? nuclei in metallic copper when taken as a 


fine powder. Our experiments represent one of the 
first verifications of the effect of conductivity in 


electronic paramagnetics. 

As is evident from curve b (Fig. 2), at a thick- 
ness of plate 2d < 0.25 mm the influence of X ’ 
on the effective absorption coefficient is negligi- 
ble. As d increases, the part of X’ in the absorp- 
tion effect increases and at 2d >2 mm it becomes 
sharply predominating, since the shape of curve 
f practically coincides with the predicted shape 
for. Xe CH) 

Thus the effective coefficient of absorption X att 
in anthracite can be expressed as A(d) X’+X”, 
where the numerical coefficient 4 (d) KX 1 when 


6>dand A(d) > 1 when 8<d. The discrepancy 


8N. Bloembergen, J. Appl. Phys. 23, 1383 (1952). 
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in the result we obtained and the Bloembergen for- 
mula for the latter case is not surprising, since in 
our experiments with the thick specimens the 
thickness of the plate was commensurable with the 
linear dimensions of its area. 

At the lower frequencies, the distortion in the 
shape of the absorption line in anthracite be- 
comes much less noticeable owing to the increase 
in the depth of penetration 6. It was possible to 
observe this distortion in the thick cylindrical 
specimen (diameter 8 mm) at the frequency 
v=536 mc. The same specimen at the frequencies 
176 and 20 mc gave the ordinary curve X “=X “(H). 

The effective g-factor of the absorption line in 
anthracite was determined on the specimen b by 
the method of proton resonance at the frequency 
9450 mc. It was found to equal 2.004 + 0.002. 

The measurement of the width of the absorption 
line* AH in anthracite was carried out at the fre- 
quency 9450 mc in the specimen 8, as well as at 
the frequencies 176 and 20 mc. The width was 
determined by comparing with the line resulting 
from the free radical. It was found that for 
anthracite the value AH = 0.7 oersted over the en- 
tire range of frequencies investigated. The rela- 
tive error in the determination of AH did not ex- 


ceed 20%, (The absolute value of AH cannot 


* By width of line we mean the distance in oersteds 
between the points, corresponding to an intensity of the 
effect equal to one half the maximum intensity. 


claim to such accuracy owing to the possible 
error in the determination of AZ for the free radical) 
The fact that the width of the line in anthracite 
is independent of frequency shows that the main 
share of the effect cannot be ascribed to the elec- 
trons of the conductivity, since in graphite, in 


accord with Refs.1,2, the width of line varies from 
40 oersteds at v=9000 mc to 0.1 oersted in the 


region of radio frequencies. 

Thus, either the free radicals or the “‘broken 
bonds’’ between the carbon atoms can be res- 
ponsible for the effect. A substantia- 
tion of this statement is given by the experiment 
with the anthracite which was finely pulverized in 
an agate mortar. When the pulverization is car- 
ried out in the presence of air, the effect is greatly 
diminished and in a short time (10-15 min.) it can- 
not be observed at all. When, however, the pulveri- 
zation of the anthracite in the mortar is carried out 
under a layer of liquid, preventing oxidization, then 
the effect continues to be observed for a long time. 
Twenty four hours later it can still be measured; 
however, the absorption curve has broadened con- 
siderably. After anthracite had been heated to a 
temperature of red heat and then allowed to cool 
to room temperature, the effect disappears com- 
pletely. 

At the temperature of liquid oxygen the effect in 
anthracite increases by approximately 3 times as 
compared with its value at room temperature; more- 
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over, the width of the absorption curve remains un- 
changed. This can also be observed in the free 
radical, the susceptibility of which obeys the Curie 
law. 

On the basis of all of the results given above, 
one can consider that it has been established that 
either the free radicals present in the anthracite or 
the ** broken bonds”’’ are responsible for the effect 
observed in anthracite. Evidently, between the 
paramagnetic particles in anthracite there exist 
very strong exchange interactions. 


3. Measurements of paramagnetic resonance 
in other substances 


We have also observed paramagnetic resonance in 
a number of other substances containing carbon: 
coal, freshly prepared wood charcoal, petroleum 
asphalt, carbolite and black rubber. Of the sub- 
stances named, the most intense effect was ob- 
served in petroleum asphalt and in carbolite. At 
90° K a weak effect g ~ 2 was found in specimens 
of petroleum from Bavlinskii region (Tartariia). 

The effective g-factor for all of the substances 
mentioned was found to equal 2.004 + 0.002. It 
was established that, upon cooling to the tempera- 
ture of liquid air, the intensity of the effect in all 
cases increases by approximately 3 times, in the 
No dis- 
tortion of any kind in the shape of line was ob- 
served in the above substances. The width of 
lines was measured at the frequency 9450 mc by 
comparing with the free radical. The widths of 


free radical as well as in the anthracite. 
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lines obtained for the substances investigated are 
giyen below ( in oersteds): 


1. Goal (gasecus) 7. 2 =, «8. 14.4) 0.0 
2. Freshly prepared woo 

charcoal 4.827055 
3. Petroleum Asphalt 4:3) 2 015 
4. Carbolite : 358 mace Ors 
5. Black Rubber wkd) te 9 


Thus the substances we studied can be subdi- 
vided into 3 types differing in width of line. Anthra- 
cite belongs to the first type having the narrowest 
curve (0,7 oersted). To the second type belong the 
substances ]-4 given inthe Table above; in these 
the width of lines is equal, within the limits of ex- 
perimental error, and on the average it is approxi- 
mately 4.4 oersted. Finally, black rubber belongs 
to the third group of substances having the broadest 
curve. 

The agreement in the value of the g-factors and 
identical temperature dependence of the intensity 
of the effect make plausible the assumption that 
in all cases the free radicals or the ‘‘ broken 
bonds’’ between the carbon atoms are responsible 
for the effect. 

In conclusion the authors wish to express their 
deep gratitude to Academician A. K. Arbuzov and 
to F’. G. Valitova for the preparation of the 
substance « « -diphenyl- B - trinitrophenylhydrazyl, 
which made it possible to carry out easily quanti- 
tative determinations of the width of lines in the 
substances investigated. 


Translated by E. Rabkin 
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Ea peline nts are described, conducted with turpentine, benzene, nitrobenzene, benzine 
and transformer oil, which indicate that in a strong, almost homogeneous electric field these 


liquids are set into motion, independent of the sign of the applied voltage, 


OME theoretical considerations! lead to the 

conclusion that electro-insulating liquids in a 
sufficiently strong electric field cannot be at rest. 
The usual methods of study of the motion of a 
liquid are difficult to apply for the observation of 
the hydrodynamical phenomena arising here. In 
particular, the mixing of colored additives inevita- 
bly changes the dielectric permeability of the elec- 
tro-conductivity of the separate parts of the liquid 
and hence disturbs its homogeneity. Therefore, 
other phenomena, as for example, electroconductive 
convection? , will be admixed with the phenomenon 
under investigation. The addition of light-scat- 
tering particles leads to the occurence of cataphor- 
esis as a masking action, and so must also be ex- 
cluded. 
free as far as possible from the indicated deticien- 
cies, and controlled, so that the method, at least 
in principle, would record just the process under 
investigation. 

After numerous trials, the goal was succesfully 
attained by the combination of an optical method of 
high sensitivity® and the introduction into the liquid 
of a negligible (as far as possible) thermal non- 
uniformity. The vessel (Fig. 1), with dimensions 
95 x 100 x 38 mn, has a metallic bottom and two 
metallic side walls. The front and back walls are 
of plane-parallel glass. An aluminum electrode in 
the form of an upside down umbrella with a maxi- 
mum diameter of 50 mm is lowered into the vessel. 
This electrode is provided with a heater consisting 
of several tens of turns of enameled constantan 
wire, indicated in the figure by dots. The heater 
resistance is 12.6 ohms. The vessel is half filled 
with the liquid being studied, and is placed in the 
path of a beam of light in a partially shaded mount- 
ing with a grating. The source of light is repre- 


1G. A. Ostroumov, J. Tech. Phys. (U.S.S.R.) 24, 
1916 (1954), Sec. IV, Eq. (18). 

2G. A. Ostroumov, J. Exptl. Theoret. Phys. (U.S.S.R.) 
29, 529(1955); Soviet Phys. 2, 428 (1956). 
_ 3G, A. Ostroumov, J. Tech. Phys. (U.S.S.R.) 24, 
2045 (1954). 


Fic... Section of the model vessel 


sented by a horizontal slit, with dimensions 0.7 x 
11 mm, on which is focussed the filament of an 
incandescent lamp for an alloscope. The collimator: 
has a focal length of 140 cm, and an objective dia- 
meter of 95 mm. The parallel rays leaving the col- 
limator traverse the vessel and continue further 
through an objective with a diameter of 110 mn 
and a focal length of 165 cm. A grating with hori- 
zontal rods is placed in the focal plane of this 


objective. There are 12 rods, 1.281 + 0.003 mm in 
diameter, 38 mm long, and separated by 2.95 £0.05 
mm between their axes. A telescope with a focal 
length of 35 cm and with a Ranisden ocular was 
placed behind the grating. The vessel, which is 
translucent throughout, can be observed visually 
and photographed through the telescope and grat- 
ing. The exposure time required for film with a 
sensitivity of 90 units GOST was of the order of 
0.5 sec. The location of the grating was con- 
trolled in such a way that in the absence of the 
process, the liquid appeared dark. 

When the electrode is heated, a temperature gra- 
dient arises in the liquid, the field becomes clear 
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Fic. 2. Photograph of the initial stage of heating of the electrode, without high voltage 


Fiees. Photograph of the final stage of heating of the electrode, without high voltage. 
Heating power, 9.2 W. 


Fic. 4. Heating power, 0.2 W. High voltage around 3000 V. 
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FIG. 5. Heater switched off. High voltage around 3000 V. 


G. A. OSTROUMOV 


in certain places, and thermal convection begins. 
Figure 2 is a picture corresponding to an initial 
stage of heating of the electrode in turpentine. 
Fig. 3 represents the final stage of heating, the 
power expended being 0.20 w. 

If a constant voltage of the order of several hun- 
dred volts is now applied between the electrode and 
the bottom of the vessel, the stable picture will be 
markedly distorted, as reflected in Fig. 4. The 
dark and light streaks move rapidly, and vigorously 
change their configuration, disclosing an inten- 
sive hydrodynamic process. The most vigorous 
motion is noticeable under the central part of the 
electrode. 

The motion in general gives the impression of 
being’ irregular; however, certain peculiar details 
are noticed. In particular, through the motion of 
certain dust particles (the rest of the dust sticks 
to the electrode) it is possible to follow the 
general circulation of the liquid--from the free 
surface it constricts towards the upper electrode, 
generally sinks downward under it, spreads along 
the bottom, and rises to the surface again along 
the walls. The direction of this motion does not 
depend on the sign of the applied voltage. The 
intensity of the motion did not appear to depend on 
the sign of the applied voltage. However, the in- 
tensity of the motion of course increased with in- 
creased voltage. This general motion is compara- 
tively slow, but it is still more rapid than the 
convective thermal motion which could be noticed 
during the heating of the electrode in the absence 
of the field, and which was exactly in the opposite 
direction. 

In the course of not many seconds after the 
switching off of the high voltage, the normal pic- 
ture of thermal convection is re-established ( see 
Fig. 3). This lapse of time is in good agreement 
with the magnitude of the thermal conductivity of 
turpentine--8 10°* cm? /sec.* The re-establish- 
ment is the resolution of thermal nonuniformities, 
caused by the hydrodynamic process. 

It might have been expected that with the heater 
switched off and with a sufficiently large voltage, 
conduction current and Joule heating of the liquid 
would occur, leading to approximately the same 
effect of thermal convection as with a warn: heater: 
the greatest heating being obtained under the 
electrode, the warmed liquid would rise upwards 
and spread under the free surface. Actually, things 


take place otherwise: large, irregular regions of 
translucence of the field of view in the liquid arise, 


move about, and fade away (Fig. 5), voltage around 
3000v ). The motes disclose an irregular mixing of 
the liquid generally in the same direction as des- 
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cribed above ( see Fig. 4). Hence, it may be con- 
cluded that the electrical causes of the motion of 
the liquid are far stronger than the gravitational 
effects associated with uneven heating, and in 
general are directed opposite to the latter. 

If a variable voltage at industrial frequency is 
applied to the electrode, the change in the picture 
of thermal convection (Fig. 3) is scarcely notice- 
‘able, the motion of the motes being slightly less 
regular. At large voltages hydrodynamic effects 
were noticed, produced by the quivering of motes 
with one end adhering to the electrode and oriented 
along the field, and also by the phenomenon of 
““electric wind”’ ( in a liquid! ) arising in the neigh- 
borhood of the ends of some motes. Sometimes 
these motes undergo an amusing boring motion of 
an astonishingly large velocity ( many tens of 
revolutions per second). 

These effects were also observed in certain 
other liquids, not subjected to any special purifi- 
cation. 

Benzene has a very large specific resistance 
( therefore the conduction current is extremely 
small), It is set into intensive motion at smal) 
voltages. This motion is readily observed with a 
hot as well as with a cold electrode. 

An enormous current, 3 ma at 600 v, flows 
through nitrobenzene ( in contrast with benzene). 
With a hot electrode, electrical convection devel- 
ops mainly around the electrode, and is very in- 
tensive. With a cold electrode it spreads through 
the entire thickness of the liquid. With a cold 
electrode, the general direction of flow coincides 
with the direction of purely thermal convection 
(and not the reverse as with turpentine and ben- 
zene). Thanks to the large number of motes not ad- 
hering to the electrodes, the hydrodynamic motion 
in the space between the electrodes is readily 
traced,--it calls to mind the Benar cell. Through 
the motion of motes, which skip between the elec- 
trodes, one may readily observe how the motes 
that become charged by contact with one electrode 
tear away from it, not getting as far as the other 
electrode, giving up their charge to the liquid, and 
in time coming to a standstill. 

In aviation benzine, the same effects are noted 
as in benzine-or turpentine, but especially clear- 
ly seen is the rotary motion of the adhering motes. 
In transformer oil, in consequence of its large 
viscosity, the hydrodynamic effects are slowed 
down considerably, and the thermal effects are 
somewhat accelerated. In ethyl alcohol, in view 
of its comparatively large electro-conductivity, the 
hydrodynamic effects are different, and merit 
separate investigation. 
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It is evident from the above-mentioned photo- 
graphs that in many places the dark stripes are 
cut by narrow light lines, and conversely. This 
indicates that the phenomenon of optical diffrac- 
tion is taking place. Through this effect we can 
estimate the sensitivity of the method, used with 
photography. Let us assume that in some region 
of the photographed model, its optical thickness 
varies according to the law 


NS = ay + ay + ay’. (1) 


where y denotes a vertical coordinate on the 
model. Then the region around y=0 is projected 
on the zeroth rod of the grating, the region around 
y=Y, is projected on the first rod of the grating, 

the region around y=y,, --on the second, and so on. 


The zeroth of these regions will be distinguished in 
that for it, (d(nS)/dy))~=0, the first in that for it, 
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CO Sn ~=d Bite second in that (d(nS) / dy), 
= t 


= p, and so forth. 

Each of these regions will be registered on the 

picture by dark stripes with light spaces between 

them. The smallest angular distance between neigh- 

boring stripes, still providing sharpness of the 

stripes, is obtained thus:° 
(Yo— Si) / P @) 


=(¥—Y¥)/pH=x/f=h/d. 


where p is the distance from the model to the 
grating, f is the focal distance of the camera, 

x is the distance between the rods of the grating, 
and A is the wavelength of light in the cavity of 
the camera. Writing explicitly the three relations 
presupposed by Eq. (1), we find, 


yo = 20; 


(d (nS) / dy), =a, + 2a.y, = a] p; 
(d (nS) / dy); = a, + 2a.y2 = 2d/ p; 


Hence the distance between stripes is 
Yi— Yo = (4/ p—a,)/2a,; 2-1 = d | 2pas, 


The stripes will be equi-distant if a,=0. Then 
taking account of Eq. (2), 4) =Y2—Yi = Ye 
— Yo = d/2a,p=Ap/d. Hence a,=A/2(Ay).? 
Setting this in Eq. (1), we find for the first stripe 


(nS), —(aS)y = aay? = 2/2. (3) 


For the second stripe 


and so forth. Hence it is evident that in our case, 
when the sharpness of the stripes already suffers 
from diffraction, the first dark stripe after the 
initial zeroth darkening corresponds to a path dif- 
ference through the model of less than half a wave- 
length. 

According to the Lorentz-Lorenz formula for the 
square of the index of refraction, we find for small 
changes of the temperature around ¢=0. 


n? —1 


LD = Ap,(1 — at); (4) 


Vy, = (2) p—a,)/ 243; 
¥,= (2d / p= ay) 2a3. 


For the first stripe according to Eq. (3), and taking 


into account that n, < Roa 


(4, — Ny) S = — AnS = — (dn / dt) SAt = d/2, 
or, according to Eq. (4), 


x San 
At = "28S (dn/dt)  - S(n®?+-2)(r® —1)a * 


The geometrical length of the path of a beam of 
light between the electrodes can be estimated by 
the diameter of the electrode, S=5cm. For turpen- 
tine,’ the index of refraction is n=] .47 and the 
thermal coefficient of expansion is « = 0.94.x 10-3 
deg.-! Hence the first dark stripe corresponds to a 
mean temperature rise of At= 0.98 x 10°? degree 
along the ray. This estimate illustrates the sensi- 
tivity of the applied optical method. It forces us 
to believe that the intense hydrodynamic process 
observed could not be due to such a small tempera- 
ture gradient. This is not that process in strongly 
non-uniform fields which was studied earlier in 
gases and is now investigated in liquids.5 It 
should be expected that this process is conditioned 
not only by some inhomogeneity of the field, but 


also by peculiarities of the electric field in mobile 


‘“D. Kei and T. Lebi, Handbook of Experimental 
Physics, IIL, Moscow, 1949. 


eae and. Bultmann, Physik Z. 136, 389 
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(fluid) imperfect (conducting) dielectrics. 

In this connection it should be expected that the 
molecular nature and chemical composition of the 
liquid does not play a decisive role here. This 
process must take place not only in pure liquids, 
but also in mixtures and solutions. The only re- 
quirement is that there be no evident phase divi- 


sion ( a solution must not be turbid or opalescent). 


By this token, this investigation should be demar- 
cated from the investigation of the passage of cur- 
rent. through pure liquids where all of the effects 
can be accounted for by the molecular composition 
and degree of purity of the given chemical sub- 


/ 


stance.°’? 


On the other hand, the investigated 
effect is demarcated also from those specific 
effects where a many-phase liquid plays the es- 
sential role, for example, cataphoresis or electro- 


magnetophoretic effects. 


A, Nikuradse, Z. Physik 34, 97 (1933). 


TE. Schmidt u. W. Leidenfrost, Forsch. Geb. Ing. 19, 
65 (1953). 


8A. Kolin, J. Appl. Phys. 25, 1065, (1954). 


Translated by D. Lieberman 
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The statistical theory of the ionization chamber is considered for the investigation of 
nuclear fission. The mean number of pulses produced by the « particle background is deter- 
mined. A theory of random processes is developed in connection with the investigation of 


this stochastic process. 


Nthe construction of ionization chambers for the 
I study of fission processes, the problem of ex- 
cluding ( or at least ninimizing) the ionizing action 
of «-particles occupies a central place. The ener- 
gy of the fission fragments can vary within wide 
limits, but their mean energy, in each case, is an 
order of magnitude larger than the energy of the 
«-particles. However, the superposition of pulses 
from several «-particles can create a pulse which 
is comparable with those from the fragments. The 
pulses are recorded as a pulse which is created by 
the fission fragments; therefore, it is necessary 
to give at least an approximate estimate of the num- 
ber of such cases. 

The problem of the correction of the number of 
fissions was considered by Rossi and Staub.’ Un- 
der the assumption that the pulses have rectangular 
shape and duration 7, they determined the number 
of readings per unit time which contained unwanted 
pulses of «-particles. For practical purposes, 
their formula is satisfied only approximately, since 
in most cases the pulses have an exponential 
shape. The purpose of the present research was to 
consider the effect of the exponential shape on the 
number of readings. 

1. Let #/(x) be the probability that the ampli- 
tude of the pulse produced by the «-particles be 
less than x. For simplicity, we assume that the 
number of pulses satisfies a Poisson distribution. * 
If N is the pulse density and R (x,t) is the proba- 
bility that the sum of pulses produced by the «- 
particles in the time interval (0,t) is less than 
x at the time ¢, one can easily convince oneself 
that R (x,t + At) is composed of the probabilities 
of two mutually incompatible events, as follo S; 

1) either the sum of pulses is less than xe ou 
at time t, and no new pulse appears in the time in- 
terval (¢,¢ + At), 


*It is shown in Appendix A that these results are 
easily generalized to the case of certain non-Markovian 


processes. A similar generalization has been given by 
Takacs. 


1 
B. B. Rossi and H. H. Staub, Jonization Chambers 
and Counters, New York, 1949. 


*L. Takacs, MTA III, Oszt. Kézlemenyei. 4, 473 (1954). 


2) or, the sum of pulses is less than (x-y JeAt/7 


at the time ¢ and a new pulse appears in the time 


interval (t,¢+At) with amplitude lying in the inter- 
val (y,y tdy). It is evident ** that 


R(x, t+ At) =(1— NAR (eS etaad 


+ NAt \R [x — y) eA, t] dH (y) + 0 (At). 
0 


It follows from Eq. (1) that 


OR x OR 


Ot + Ox (2) 


+N : \R(x—y, Hd (y) R(x, | 
0 

If limk (x,t) R (x) as t>®, then the following 
relation results from Eq. (2): 


(3) 


N Reo —\R(x—yydH 09] 


i) 


By virtue of the independence of the pulses of 
«-particles from the pulses of fission fragments, the 
distribution function of the sum of pulses of fission 
fragments S(x) is defined in similar fashion by the 
se quation 

ieeoees | 


Sine \ S(x—y) dK (y)}, (4) 


9 


M 


Gx | 


where K (y) is the pulse amplitude distribution 
function and MM is the pulse density. Knowing the 


distribution functions R (x) and S (x), we can deter- 
mine the distribution function P(x) of the output 
voltage of the ionization chamber: 

AS 


P(x)= | R(x —y)dS(y). 


£ 


(5) 


**The probability that more than one pulse appears 
in the time interval (t, t +At is equal to g (At). 
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We denote by V the recording level of the discri- 
minator which follows the ionization chamber. If 
the voltage at the input of the discriminator in- 
creases above the recording level V, this fact is 
recorded as a *‘ nuclear fission’. Naturally, in 
this case we also count those pulses which are 
connected with the superposition of pulses from 
«-particles. We denote by Q, the density of pure 
fissions and by Q. the density of pulses connected 
with the superposition of pulses from ~ -particles. 
It is evident that the number of readings Q is equal 
toQ,+Q._. The quantities Q, and Q, are deter- 
cea by the following expressions: 


{1—K(y)}}dP(V—y); ©) 
(7) 


Qa=M 


Q,=N \ {1—H(y)}dP(V—y). 


Su OI 


By appropriate choice of the recording level V 
and other parameters, one can also bring about the 
condition that Q, >> Q,. 

2. Let us choose the amplitude distribution 
function of the x-particles in the following form: 


fT (x) = 1— e—*, (3) 


where 1 /a is the mean value of the amplitude of 
the pulses. Since the ionizing effects of the fission 


fragments are cancelled out, we obtain the follow- 

ing expression for the distribution function K (x): 
£ 

K(x) = 6b \d CD erat dys (9) 

0 

where 257! is the mean value of the amplitude of 

the pulses of fission fragments. Making use of 

Eq. (8), we get from Eq. (3): 


dlar (z)/dz=—N.(z+ ay’, (10) 
where o 
r(Z) — ( e-**dR (x). 
: 
We then obtain immediately 
(11) 


r(z) =a" (z+a)—™. 


The original function r(x) is defined in elemen- 
tary fashion: 
r(x) = ae*(axy""*/T (Nx), - (12) 


and the distribution function R(x) has the form: 


R(x) = | Pe (ax, Nz) / I'(N-), (13) 


oa 


where I’ (ax, NT) is the so called incomplete 
gamma function. 

The function s(x) is defined in similar fashion. 
It is easy to show that s (z) satisfies the following 
equation: 


dins(z)/dz (14) 
= — Mz {(z + b)2+ b(z + 6)°}. 
From Eq. (14) we obtain 
s(z) =o" a 
a 
X exp {— Mez(z + by} (z+ 0)™, 
whence 
(16) 


s(x) = b(xb / Mz)" 9? 


x exp {— (Mz + bx)} Iy-4 (2 V Mzbx), 


where 
is (x) = to (<x). 


The basic problem consists in the determination 
of the function Q(V). Making use of the results 
of Eq. (5) and Eq. (11), we find from Eqs. (6) and 
(7) that 


Q, (z) =(M/N)Q, (z)(z + a) (17) 
x (z +6) (14+ b(z+0)4; 
Q2(z) = Na®7b™* exp {— Mz (z + a) 4} (18) 


isepayme ae Lye 


where 
oO 


Qi (z) =) e-#*Q, (x) dx; 


is) 


22 (z) = \ e-2*Q, (x) dx. 


To simplify the formula, we introduce the nota- 
tion VN tr=x; M7=f. It should be noted that«>p 
and « <<]. To determine Q, (V ) and Q,(V) we 
must calculate the following integrals (see appen- 


dix B): 
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OY Ob 12 16 20 4 08 32 ae 


Fic. 1. Dependence of the ratio MQ,(N)/NQ,(V) on the potential 


V of the discriminator (horizontal axis) for different values of ‘a 
which are shown on the curves). The potential] is in units of 6-1 


QY 08 12 16 20 ZY 28 aa 36 

Fic. 2. The solid curves show the dependence of the number 
of true fissions (Q,M-1), and the broken lines. The depen- 
dence of the number of false fissions, associated with t ie super- 
position of «-particles pulses (Q N71) on the potential V 
of the discriminator (horizontal axiS) for different values of a , shown 
on the curves, in the case Mrz — {0-4 Nt — 1073, The potential is 

in units of b-1 


oe +100 : 
Qa (x) = NEM | exptex+$b(e+0) 7} (2 + 6) 8 (2 +ay™ az, 
an Qu (x) = tas (X) + He (2), 
ot ico 
u(x) = (2nd)! | eQa(z) (2 +4) (2 + 6) de; 
o-+ico 


yo (Xx) = (2ni) © \ e?*Q,(z) (z + a) (z+ 0)? dz. 


o—ia@ 


(19) 


(20) 


(21) 
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By virtue of the fact VBb << 1 for values of V 
of practical importance, we can obtain approximate 


expressions for Q, (V ) and Q, (V) in the form 
Qi (V) ~ Mexp { — (Mz + bV)} 


, (22) 
x (Va)"* (Vo) (1 + bY) 


Q,(V) ~ N exp { — (Mz ++ aV)} (23) 


Chay Vey 


Equation (22) gives the number of readings of 
true fissions, and Kq. (23) gives the number of 
false fissions, connected with the superposition of 
pulses from «-particles, both per unit time. 

In Fig. 1 we have plotted the dependence of 
MQ,(V)/NQ,(V) onthe voltage of the discrimi- 
nator for a given value of \//N and for difference 
values of a/b. It should be noted that the voltage 
b>! was chosen as the unit voltage. If the value 
of a/b is known from experimental data, then we 
can easily find the best recording conditions with 
the aid of Fig. 1. The curves in Fig. 2 show the 
dependence of the number of true fissions and 
false fissions (dotted curves ) connected with the 
superposition of pulses from «-particles, on the 
voltage of the discriminator for various values of 


a/b(b~! is taken here to be of unit voltage). 

It should be noted that these calculations have a 
much more general character and can be used suc- 
cessfully in the analysis of the results of an arbi- 
trary discriminator amplitude. 

At the present time there are no reliable experi- 
mental data on the distribution law of the amplitudes 
of pulses from «-particles and fission fragments, 

and therefore we used an exponential ( as a very 
general) distribution law. 


APPENDIX A 


Let F(t) be the distribution function of time 
intervals between two successful voltage pulses. 
If we note by G (x) the probability that the voltage 
on the output resistor at the time of time of realiza- 
tion of the nth pulse be less than x, and consider 
an exponential decay ( with the law e “/T) of the 


voltage between two successive pulses, then we 
can describe G, (~) by the following recurrence 


relation: (Al) 
Gn (x) =\\ Gra [x —y) et] dF (t) dA (y). 
0 0 


With the help of the Laplace-Stieltjes representa- 
tion, we get from Eq. (Al): 


En (2) bh (2)\ graze") dF (Lt); (Aa) 
0 


fo (z) = a AG, (x), (A3) 


8 


h(z) = \ e-2* dH (x). 


0 


If lim g,(z)7g(z) for n> then we have the 
following integral equation for £(z): 
g(2)=Alz)\ g(ee)dF(). (AA) 
0 
From Eq. (A4) we can determine the distribution 
function G (x) , with the help of which we can easily 
find the distribution function R (x), i.e., 


Ria m\ {1 — F(t)} G(xeti") dt, (AS) 


where 
loo} 


es \ Sr iOae (A6) 


0 


For an exponential distribution of the intervals 
between successive pulses(F(t) = 1 —e—’) Eq. 


(A6) coincides with Eq. (3) from Sec. 1. 
APPENDIX B 


In Eqs. (1 9)-(21) it was necessary to determine 
integrals of the following type: 


® (x) = (2 xi)? (BL) 
o-+ico 7 
Se \ exp {2x + 8b (z+ 6)} 


(z ale Gn ale ae by dz. 


Assuming that Bbx << 1 and B <« <<1, and with the 
aid of the rapidly converging expansion 


(8b) 


ml! 


exp {8b(2 +6) }= Dj (2b) 


m0 


calculation of the integral (B1) reduces to the 
determination of the following integral: 


Dm (x) = (2ri) * (Be) 
67,100 ; 
x | eet a (z+ oy? de, 
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It is not difficult to show that the integral (B2) 
has the form (B3) 


x’m +y—1 


or (a (Ge hoe rig 1) ify Ons Ym aie p, Ex), 


where 
vm =m+1+68, 
Ge= a—o, 


ie ea hey 
(B4) 


and Fy (vm) Ym + cX) is the degenerate hyper- 


and 


Q2(V) = 


geometric function(see Ref. 3). In this way, Eq. 
(B1) is represented in the form of a rapidly con- 
verging series: 


OC) =e 
22 b m x’ +u—1 (B5) 
K >; eg nae rie (Ym; Ym + f4, CX, 
m=0 


Making use of Eq. (B5), we get for Q, (V) and 
Q, (V) the expressions 


Pins gene ey) aca | 
Qi(V) = Ma BERT ath 972) Tee hae (Be) 
(BV Vere+r 
x FA(QPLAt Let B+ R41; vy +ov 3 oe CES REESE 
xii (B +k +2,0+8+k-+2; cV) 
ahe —— S aera Ke ed 
Na*b® exp {—(aV + )} 2p: wr P(a+B+eR+1) (B7) 


x Fi, (8 + asp leet 


It is not difficult to be convinced that for suffi- 
ciently small values of «and B: 


1F, (8 + 2, %+8+ 8; cV) 


(B8) 
ag! CVA = (cV)” 
ob ot 2) mar m 
where 
Sia 
aA ys 
j=k 
Furthermore, 
Fi (B+ke+B+k+1;cV) (Bo) 
ik 
ay? \ th—-lgcVt qt 
0 
ek > Anse (cV)™ 
ma (M+ kL +(a+ Bre) 
— 8k S 1 (cV)™ 


a (m + RP [1 + (a+ 8) ae] m! 


ove 


If we neglect terms which are linear in « and B 
we get 


Q,(V) ~ Mexp {— (Mz + bV)} (B10) 
x (Va)"*(Voy""(1 + BV), 
Q.(V) ~ Nexp {— (Mz + aV)} (B11) 


x (Va)"(Voy™. 


With the aid of Eqs. (B8) and (B9) we can esti- 
mate the inaccuracy of Eqs. (B10) and (B11). For 
the values M7=10"* and N 7=10°8 


this inaccuracy 
is less than 2%. 


$V. A, Ditkin and P. I. Kuznetsov, Handbook of Opera- 
tional Calculus, Moscow-Leningrad, 1951. 


Translated by R. T. Beyer 
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With reflection of light viewed as interference of waves radiated by molecules and atoms 
of a medium, equations that take into account the effect of the transition layers are derived 
for the amplitudes of the reflected light. No special assumptions are made concerning the 
molecular structure of the medium or of the transition layer. The equations are valid for 


layers of any thinness, including monomolecular sl 
are supplemented by second order terms in f 


avoide 


1 THE latest investigations by Kizel’! make 

* timely the development of a theory of elliptic 
polarization of light reflected by an isotropic me- 
dium. This theory is free of the limitations im- 


posed by the phenomenological treatment and does 


not introduce simplified concepts with respect to 


the molecular structures of the reflecting medium and of 


the transition layer. Results following from this 


theory were given in part in Ref. 2. However, the 


proof giyen there is easier stated than derived. 
Here we introduce the single hypothesis that the 


elliptic polarization is the result of the existence 
of transition layer on the reflecting surface of the 
medium, with no assumptions made at all concern- 


ing the molecular structure of the medium or of the 


transition layer. To free ourselves of the restric- 


tions of the phenomenological theory, we shall 


dispense also with phenomenological description of 


the transition layer in terms of the dielectric con- 
At the same time 


stant or the index of refraction. 
no limitations whatever are iniposed on the lower 


thickness limit of the transition layer. To exhibit 
more clearly the physical nature of the theory, we 
propose to employ elementary calculations almost 


exclusively or to avoid calculations where possible 


2. We know that the reflected wave is the re- 
sult of interference of secondary waves, radiated 
by the molecules or atoms of the medium. Under 


the influence of the incident wave and of the radia- 


tion of the remaining molecules and atoms these 
molecules or atoms acquire dipole moments and 


therefore produce radiation. Since we are interes- 
ted in the radiation field at distances from the me- 


dium that are very large compared with the mole- 


cular dimensions and the intermolecular distances, 
we can replace the discrete radiation centers in the 


ly A. Kizel’, J. Exptl. Theoret. Phys. (U.S.S.R.) 26, 


228 (1954); 29, 658 (1955). 
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ae Ym Ae 
by converting radiation from volume Sources to radiation from surface sources. 


At the end of the work, the equations 
omplex mathematical calculations are 


. 


medium by continuously distributed sources. Let 
us introduce two types of such sources--volume 

sources and surface sources. If a plane monochro- 
matic wave is incident on the medium the polariza- 


tion vector of the medium consists of a homoge- 
ne€ous-wave term: 


(1) 


and of a supplementary polarization of the transi- 
tion layer. By virtue of the polarization term (1), 
each volume element of the medium can be consi- 
dered as a radiating Hertz dipole of moment PdV. 
In addition to these volume sources, it is also 
necessary to account for the radiation from the 
transition layer. This can be done numerically by 
assuming that each elementary area dS on the sur- 
face of the body is a radiating Hertz dipole of mo- 
ment Tds, The vector is the supple- 


> 


<= texp {i (ot — kex)} 


Pp — P,eiot-kr) 


(2) 


mentary dipole moment per unit surface of the body 
(the surface of the medium is taken to be the XY 
coordinate plane; the Z axis is directed downward 
inside the medium; X and Z lie in the plane of 
incidence). This vector and the proposed theory 
make possible a description of the properties of 
transition layer, inasmuch as we deal with a first- 
order approximation. The question of the origin 

of this layer is not touched upon in this theory. The 
layer may be either the result of soiling or proces- 
sing the reflecting surface, or the result of the 
molecular structure of the medium near the surface, 
or finally the result of a difference between the 
effective field near the surface and the effective 
field inside the medium. 

3. The radiation from the volume sources can be 
reduced formally to a radiation from surface sources 
Let us subdivide the entire medium into plane- 
parallel layers of equal thickness. These layers 
we shall call zones, in analogy with the Fresnel 
zones. The radiation field in the upper half space 
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due to each of these zones is a plane wave, propa- 
gating in the direction of the wave vector f* of the 
reflected wave. The direction and length of this 

vector as well as of the wave vector f of the inci- 


dent wave are determined by the following condi- 
tions: 


Let the thickness of each zone be L=a/(k, ties ). 
The plane waves radiated by the neighboring zones 
are then of opposite phase, and the radiation field 
in the upper half space is represented by an alter- 
nating series: 


Ee 6, — BE - E,—...., (4) 


in which every term represents the radiation field 
due to the corresponding zone. Were the polariza- 
tion wave (1) strictly homogeneous, and were the 
spherical waves radiated by the volume elements 
a the medium to experience no absorption at all, 
the absolute values of all terms of series (4) would 
be equal and the series itself would diverge (oscil- 
late). Actually, however, absorption should cause 
the terms of series (4) to decrease monotonically, 
thereby insuring its convergence. If the absorp- 
tion is slight, the decrease should be in geometric 
progression, since the attenuation of a plane wave 
of light passing through an infinitesimally thin 
layer of a medium is proportional to the thickness 
dx of this layer, owing to the linearity of the field 
equations. Denoting the denominator of the pro- 
gression by q, we can therefore write E=E, / (1-q). 
In the limiting case of infinitely small absorption 
q=-1, and we obtain E=E,, / 2. Thus the field in- 
tensity produced by radiation from the entire me- 
dium in the upper half space is equal to half the 
field intensity produced by radiation from the first 
zone. 

Let us subdivide the first zone into a large num- 
ber of subzones of equal thickness and employ the 
vector-diagram nethod (Fig. 1). The complex ampli- 
tudes of the waves produced in the upper half 
space by the individual subzones are represented 
on the vector diagram by small arrows, forming 
half a regular polygon, and becoming a semicircle 
in the limit. The diameter AB =D of this semi- 
circle, is the complex amplitude of the wave radi- 
ated by the entire first zone. Were all phases of the 
waves radiated by the individual subzones identi- 
cal and equal to the phase of the wave radiated by 
the first subzone, we would obtain ( instead of 
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a semicircle) a straight-line segment of length 
7D/2. This would increase the wave 7/2 times, 
and the phase of the resultant wave would lead the 
phase of the wave radiated by the entire first zone 
by 7/2. Considering that the amplitude of the wave 
radiated by the entire medium is equal to half the 
amplitude of the wave radiated by the first zone, 
we obtain the following theorem: If a half space 
bounded by a plane is filled with a medium the 
polarization vector of which is given by the plane 
wave (1), the radiation produced outside the medium 
is equivalent to the radiation due to an infinitely 
thin layer, placed on the surface of the medium, 
provided the dipole moment per unit area of this 
surface is: 


A= =P; exp {t (wf —kyx — 7 /2)} (5) 


pane eRe P, exp {i (at — Rxx)}. 
The proven theorem is valid for the radiation field 
only at distances from the surface of the radiating 
medium that are large compared with the molecu- 
lar dimensions and intermolecular distances. Inci- 
dentally, this limitation is not as rigid as appears 
at first glance. Exact calculations by Ewald® 
have shown that the radiation field of a crystal 
lattice is practically equal to the radiation of a 
solid medium even at distances on the order of the 
lattice constant. 


B 


Figeel; 


4. To obtain the field of the reflected wave, it 


is necessary also to take into account the added 
radiation produced by the transition layer. This 
can be done by adding the vector 7 to expression 


(5). This leads to the following theorem. The 


*p. P, Ewald, Ann. Physio 400107 a1 oiloy 
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Field of the reflected wave is equivalent to the 
field due to an infinitesimally thin layer, placed on 
the surface of the medium and having the following 
dipole moment per unit area: 

Al”) = (ct) — re a exp {i (ot — Rxx)}. (6) 


This theorem is valid not only for infinitesimally 
thick transition layers, but also for layers of any 
thickness. In fact, in a manner similar to that used 
for the radiation due to the medium, the radiation 
produced by the transition layer in the upper half 
space can be replaced by the radiation due to an 
infinitesimally thick layer on the surface of the 
medium, provided only that te is suitably defined. 
5. Let us now replace the field of the incident 
wave by the radiation from an infinitely thin layer, 
also placed at the boundary of the medium. This 
can be done in the following manner: The field at 
point Q, located within the medium where the polar- 
ization wave is practically homogeneous, i.e., far 
from the boundary, it can be Represented in the form 
Eg=E/ +E), + Eye? where FE! ©” is the field in- 
tensity produced at Q by the incident wave; E) -- 
the field intensity due to radiation from the medium 
filling the lower half space, calculated under the 


assumption that the polarization wave of the medium 
is homogeneous everywhere; E,, --intensity of the 


additional radiation field due to the transition layer. 


If we now imagine for an instant that the medium 
fills all the infinite space both above and below 
the coordinate plane XY, and that a homogeneous 
polarization wave (1) is propagated in this medium, 
then it is obvious that the field at point Q remains 
unchanged, since, by assumption, the polarization 
of the medium does not vary at this point. But in 
this case we can write Ej=£,, t+E,, where ae 
is the radiation field due % the upper half of the 
medium. Comparison with the preceding equation 
gives: E{°?/=E, -E,,- The effect of the upper half 
of the medium can be reduced to the radiation field 
due to an infinitely thin layer, placed in the coordi- 
nate plane XY, similar to the manner used for the 
lower half of the medium. The effect of the transi- 
tion layer in the lower half space can be reduced 
to the radiation due an infinitely thin layer with a 
dipole-moment surface density: 

> =, 
t' = t) exp {i (wt — kxx)}. (7) 

This leads to the following theorem: The field 
due to an incident wave in the lower half space is 
the same as the field radiated by an infinitely thin 
layer, placed at the boundary of the medium, pro- 
vided the dipole moment per unit surface area 1s: 


211 


(8) 
A® — (— Cocke ae P,) exp {Z (ot — Ryx)}. 
z z 


Where we write 7 , instead of T, , Since we deal 
with radiation produced by the transition layer in 
the lower half space. If the transition layer is 
thick the decrease in the phases of the sources in 
the Z direction causes the radiation in the upper 
and lower half space to be different. Consequently 
25 AT, in general. Only in the case of very thin 
transition layers, when the thickness is quite 
small compared with the wave length, can we neg- 
lect the changes in phase over the thickness of 


the layer; in this approximation we can assume 
C= T 

0 Oi 

6. The problem of computing the amplitudes of 
the reflected light has thus been reduced to a com- 
parison of the radiation produced by two infinitesi- 
mally thin layers with dipole-moment surface densi- 
ties (6) and (8). It is necessary to recall here that 
the radiation from a dipole depends on the relative 


orientation of the dipole and of the radiation: the 
only effective dipole-moment component is the one 
perpendicular to the direction of the radiation; the 


parallel component produces no radiation. Taking 
this into account, let us introduce the following 
symbols: 


Am — Tam / Pr Qm = Rane oan 
(m =x, y, 2) 
(by virtue of the symmetry a, =a, 5 A aE and 
let us examine two cases. 


First case. Electric vector perpendicular to the 
plane of incidence. Evidently, 


R/6, — Aya 


where & and R_ are the complex amplitudes of the 
incident and reflected waves. Inserting (6) and (8) 
we obtain by simple transformations 


sin(e— vy) 1+ ia yf (cos o+ncos y) (10) 


6. sin(@ + ¥) 1 — ia, ¢(cos 9 —n cos py)? 


where ¢ is the angle of incidence, w the angle of 
refraction, and n the index of refraction of the 
medium. 

Second case. Electric vector lies in the plane 
of incidence. Let e and e” be unit vectors in the 
plane of incidence, perpendicular to the incident and 
reflected waves respectively, and directed toward 
the normal to the surface of the medium. Then 
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Ro/G, = (Are )(Ae), 


where & is the complex amplitude of the incident 
wave, and KR, that of the reflected wave. Inserting 


Bae SS eee 


i ig (9 —v) 4 — if (a, sing —- a, cos ¢ctg y) tg 
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(6) and (8) and allowing for the transverse nature 
of the re flected wave (k-P=0) we obtain by a sim- 


ple transformation: 


e+ ¥) 


( 
6 tg(e+¥) ie ete (a’, sine + a, cos ¢ ctg y) tg (@ — ¥) 


7. For all their generality Eqs. (10) and (1 1) 
have the substantial shortcoming that the quantities 
a. and a“, remain undetermined. However, in the 
case of thin transition layers it is possible to 
make definite conclusions concerning these quan- 
tities. They have the dimensionality of length, 
and we shall call the transition layer thin if a, 
and a“, are quite small compared with the wave 
length. Let us expand a, anda’ in power series 
in f and let us keep only the zero-order terms of 
these expansions. In this approximation we neg- 
glect the variation of the phase of the source with 
the thickness of the layer. Therefore a=, ye 
where y_ is the common zero-order term in the 
expansions for ee anda’. Substituting this value 
into (10) and (11) and disregarding the terms in 


Gieek we obtain: 


ee sin(@ — ¥) a3 
Ce Sina a I eae eT 2) 
Ep telery 


| Y cos’) — y, sin’e 
1 + 2ifcoss — s 
x phrauds t cos *y — sino 


The parameters y = Yy and y , are independent of 


the field intensity and of the frequency of the inci- 
dent wave (neglecting dispersion). These para- 
meters indeed characterize the properties of the 
transition layer in the approximation employed 
here. 

8. Assume that the incident light is linearly 


polarized at a 45$ angle with the plane of inci- 
dence, i.e., Os= Op: Let us introduce the designa- 


tion 
Seis 
The polarization of the reflected light will in 
general be elliptic. We shall call the ratio of the 
minor to the major axes of the corresponding el- 


a 


lipse the ellipticity coefficient of the reflected 
light. If the reflected light is passed through a 
Nicol-prism analyzer, it becomes again linearly 
polarized, whereby 7 ( which can always be made 
positive by proper choice of 6) will equal to the 
ratio of the p and s components of the electric vec- 
tor of the reflected waves, i.e., to the tangent of 
the azimuth of the restored polarization of the re- 
flected light. In the experiments one usually mea- 
sures 7 and 6. The ellipticity coefficient p is 
calculated from the following equation: 


1 + 4? —[(1 + 22)? — 44? sin?d]'!? (15) 


1 PE (Le 2?) an sie a 


D) 
0 
‘ 


We stopped to discuss these known definitions 
and relationships because in the literature ( see, 
for example, Ref. 1), p is sometimes confused with 
n. Actually, 7 characterizes only the position of 
the planar polarization of the reflected light after 
its linear polarization has been restored by a 
Nicol-prism analyzer. The quantity 7 alone cannot 
establish the form and orientation of the ellipse 
of oscillations, and § must also be known for this 
purpose. In particular, if 6=7/2, we have p=n. 

9. If we determine R ii from (] 2) and (13) 


and compare the results with (14), we readily ob- 
tain 


cos (p — p)’ 
7" sino = Po Bs ral x) Soon 


cos*(p — wv) ° 
These relationships are accurate as long as the 
(fy Xs ) terms do not exceed the first power; they 


igo = 2f (y, —7,) os 9 sin®s/(sin®s — cosy), (17) 


As far as 7 goes, equations (16) cannot be used 
to compute this quantity with an accuracy greater 
than that given by the simple Fresnel equations. 


It would be necessary for this purpose to carry out 
all calculations with an accuracy up to Gf yaye 
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The only exception occurs when the light is inci- 
dent at the Brewster angle or very nearly so. In 
this case the zero term in the expansion for 

7 cos 6 vanishes, so that the expansion itself starts 
with a second-degree term which affects only the 
third-order quantities in the expression for p and 
can be discarded. Ifthe incidence in this approxi- 
mation is at the Brewster angle, the second equation 


of (16) yields 


n= p= (/)Vei+ 1 (4,—7,): (18) 
since in this case 6=7/2. Here n is the index of 
refraction of the medium, and A is the wavelength 
in vacuum. 

Thus, independently of the structure of the me- 
dium and of the transition layer, relationships 
(17) and (18) should hold, provided only that the 
causes of ellipticity are the transition layers at 
the reflecting surface of the medium. There are not 
enough experimental data available to decide with 
full assurance whether these relationships are true 
or not. In particular, the corrolary of Eq. (18), 
that the ellipticity of the reflected light is inverse- 
ly proportional to the wavelength, has never been 
checked at all. According to Eq. (17), tan 6 is 
inversely proportional to A. This consequence has 
also not been checked. The dependence of 6 on 
the angle of incidence ghas not been studied suf- 
ficiently. Before we can study the structure of the 
reflecting surfaces of media by reflected light it 
is necessary to investigate all these problems and 
thus corroborate or reject the basic initial premises 
of the theory, namely that the ellipticity of the 
reflected light results from the existence of transi- 
tion layers. We can hope thatthe continuinginves- 
tigations by Kizel’ will throw light on this prob- 


lem. 
The dependence of the ellipticity coefficient 


p or of the quantity 7 on the angle of incidence 
in the vicinity of the Brewster angle cannot serve 
as a criterion for the correctness of the theory 
proposed, for the theory is true only with an accu- 
racy to within first-order terms in fy. To deter- 
mine p or 7 in the vcinity of the Brewster angle it 
is necessary to carry out all the calculations with 
an accuracy at least including second-order terms. 
We shall therefore dwell on the form of the equa- 
tions in the ‘‘ second approximation.”’ 

Since we are interested in the radiation far away 


from the transition layer, we can replace the dis- 
crete radiation centers by sources that are contin- 


uously distributed through the volume of the layer. 
This can be done if we assume that within the tran- 
sition layer we add to the polarization (1) a supple- 
mentary polarization 
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Pp’ = r (Z) ellw@t—kr) (} 9) 
It is easy to see that the radiation in the upper 
half space, due to such a polarization, is equiva- 
lent to the radiation, due to an infinitesi- 
mally thin layer, placed in the XY coordinate 
plane, provided the dipole moment (2) per unit area 
has the amplitude 

l 
i \P, (2)expi—t(k2-- fz} dz, (20) 


0 


where / is the thickness of the transition layer. In 
fact, the phase of the wave radiated from point 0 
(Fig. 2) topoint A is equal to wt-f7. Let us iso- 
late an infinitesimally thin layer of thickness dz 
and let us extend the radius vector r in the back- 
ward direction until it intersects this layer. The 
phase of the wave radiated from B (R) to A (r) is 
D=at -f’(r+R) -k-R=wt-f7 +(£*k)-R, or since (= 
hake and f’,=-f,, we have 


© = of — f'r—(k, — f,)z. 
Integrating with respect to z and taking the phases 


of the radiated waves into account, we obtain Fig. 


(20). 


A(r) 
0 
| AR) f 
| a2 
j 
Fic?2. 


Analogously, the wave due to the supplementary 
polarization (19) radiated from the transition layer 
into the lower half space is equivalent to the radia- 
tion from an infinitely thin layer with a surface den- 
sity of dipole moment (7), whereby 


I 
tq = (Po (z) exp {— i(ke—f,)ehde, OV) 


0 


The vector Hg (z) depends on the frequency of 
the incident wave and also on the angle of inci- 
dence. However, rather than introduce these two 
arguments it is more convenient to use the argu- 
ments k , and tee Let us expand the vector ier Al z) 
in powers of k, and f, and let us terminate the ex- 
pansion with the first-degree terms: 
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P) (z) = Poo (2) — ikzPo (Z) — if Poe (2), 


where P’y.’P‘917P ‘oq no longer depend on the 


frequency (neglecting dispersion) or on the angle 
of incidence. In this approximation we can replace 


(20) and (21) by 


ede a (22) 


“R a d —— ikzq, =F if de, 
l l 


d= \ Poo (2) do qe \ (Pos eZ P in) Zi 


0 0 


(23) 


l 


ae \ (Post 2Pq») dz. 


0 


It is important to note that in the case of non- 
absorbing media the vectors d, q,, and q are all 
real. It is enough to prove that P’,,., Py, 
P’.. are real. This follows from the reversibility 
principle for non-absorbing media. Let us reverse 
at the instant t=0 the magnetic field in all points of 
space. Then, according to the reversibility prin- 
ciple, the electric field, and consequently also 
the polarization vector of the medium, will have at 
the instant ¢ exactly the same values that they had 
at the instant -¢. In particular, the supplementary 
polarization vector is obtained at the instant ¢ by 
replacing ¢ in (19) by -t. This gives 


Pp’ (es r) = P, (= jie k) eHottkr) | 


,, and 


On the other hand, the above reversal of vector 
H also reverses the vectors f, f’“, and k. Therefore 
the value of P’(t,r) can be also obtained by re- 
versing the signs of f and k in (19): 


Pear) P(e fe shite 
Comparison with the preceding expression gives: 


Piceinki=oP, Git vy @ te») 


from which the above statement follows directly. 
The vector d can be considered as the dipole 
moment per unit area of the transition layer. On 
the other hand, the vectors q, and q. have the 
sense of quadrupole moments per unit area of the 
same layer, Thus the second-order theory differs 
from the first-order theory by further inclusion of 
the quadrupole radiation from the transition layer. 


If we introduce along with parameters y, and y, 
the four new parameters: 


tn = Gim| Poms im = Yam/Pom (mm =X; 2), (25) 


we obtain 


Pee, Cae (26) 
Cp Ke UR m = tf tats 


/ - , 3 sf 
am =m — ikem + ifetm. 


In the second approximation the properties of the 
transition layer are thus characterized by six para- 
meters: Y.5¥22Y 4» ¥ oY xnandy ;- As to. 
second order effects which may occur in experi- 
ments, this problem is exhaustively discussed in 
Ref. 4, and I will not dwell on it any further. 
These effects reduce to slight differences in the 
values of the polarization angle, of the principal 
angle of incidence, and of the Brewster angle, 
which according to the first-order theory should 
all equal each other. 

ll. If the thickness of the transition layer is 
large compared with the molecular dimensions and 
intermolecular distances ( but naturally small com- 
pared with the wavelength), the transition layer can 
be phenomenologically characterized by the index 
of refraction. Equations 1 3) and (] 2) then be- 
come the Drude equations“; in second-order theory 
we obtain the Maclaurin equation.* On the other 
hand, if this condition is not satisfied, such a meth- 
od is not suitable, and it becomes necessary to 
know the molecular structure of the medium and of 
the transition layer before the parameters y_ can 
be calculated. These data cannot be obtained by 
optical investigations alone. An investigation of 
the reflected field can hardly serve as a basis for 
single-value conclusions concerning the molecular 
structure of the reflecting medium and of the transi- 
tion layer. An attempt to calculate y, and y, mak- 
ing very rough assumptions concerning this struct- 
ure is found in reference 2 ( let us note that para- 
meters y,, employed there differ in sign from the 
parameters used here). In this respect the theory 
requires further development and refinement. 


4D. V. Sivukhin, J. Exptl. Theoret. Phys. (U.S.S.R.) 
13, 361 (1943). 
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An account is given of particular solutions, describing the motion of gases in a mag- 
netic field for the case of variable entropy. At the same time the motions of a gas are 
investigated for the instance when the coefficient of proportionality between the field 
intensity and the gas density depends on the entropy. 


ip Ref. 1 it is demonstrated that if the solution 
of any problem of uniform motion in gas dynamics 
is known, it is easily possible to obtain a solution 
of the corresponding problem in magnetic gasody- 
namics, i.e., in the theory of motion of an electro- 
conductive gas in a magnetic field. Such a gener- 
alization is possible as a result of the existence in 
this case of the integral: 
iyo — Ho 0, (1) 
where the factor 6, which remains in force during 
the motion, is determined by the initial conditions. 
Here H is the intensity of the magnetic field, p is 
the density of the gas, and v is its specific vol- 
ume. As aresult of Eq. (1), the equations of uni- 
form motion in magnetic gasodynamics can be rela- 
ted to the classical equations of uniform motion in 
gasodynamics, where, however, instead of the gas 
pressure p. it is necessary to use the full pressure 


Pp: 
Bo Pot (py Sr) iT? (2) 
= Pr + (vp /8 =) B?/v?, 


by means of which the aforementioned generaliza- 
tion is obtained. In the light of Eq. (1), the total 
pressure for polytropic motions ( including adia- 
batic or isothermic motions) as well as the gas 
pressure is a single-valued function of the speci- 
fic volume or density. 

However, the solutions of the equation of uni- 
form motion in magnetic gasodynamics examined in 
Ref. 1, as well as the corresponding solutions of 
the equation in classical gasodynamics, can be 
applied in practical computations only in cases of 
uniform distribution of the gas parameters at the 
initial moment of time, i.e., in those cases where 


the density, entropy, velocity of the gas, intensity 


SA Kaplan and K. P. Staniukovich, Dokl. Akad. 
Nauk SSSR 95, 769 (1954). 


of the magnetic field, and so forth, in their initial 
condition, ae constant in regions separated from 
each other by initial discontinuities. In other 
words, the solutions of Eq. (1) can be employed 
only in those cases, where the magnitude b in 

(1) does not change upon transition from one ele- 
ment of mass to the other, i.e., is constant ( how- 
ever, b can change abruptly in the initial discon- 
tinuities). However, the necessity frequently arises 
for the solution of such equations also, in which 
the factor b, which is preserved for the given ele- 
ment of mass during its motion, changes during the 
transition of one element of mass into another. We 
will call such problems homogeneous. 

The general method of solving inhomogeneous 
problems of one-dimensional motion in classical 
gasodynamics has been adequately demonstrated 
in Ref. 2. (Examination shows that Ref. 2 refers 


to those instances in which the inhomogeneity is 
due to inequality of the value of entropy, density , and other 
such parameters in various elements of mass under 


the initial conditions.) In the present work, this 
method is employed for the solution of inhomogen- 


eous problems of magnetic gasodynamics. 

Let us first convert the equations of one-dimen- 
sional motion in magnetic gasodynamics! to 
Lagrangian form. As one may easily see, they 
have the form: 


Ut ae (p, 


\ 


U a magi (3) 
ie. za = 0, Up = Us; 


S:=0, (0H)\r=0 or S=S(h), 


Hv = b(h). 


Here, as usual, the derivatives are designated by 
a subscript; wu, is the velocity of the gas, ¢ is the 


x 
time, S is entropy, and h=f{ pdx is the Lagrange 
0 


coordinate ( the mass of the gas contained be- 
tween the sections x=0 and the current section). 
As can be seen from the third equation in (3), the 
factor b in (1) is, as was to have been expected, 
a function of A. In Ref. 1 the case was examined 
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in which 6 (A )=constant and S(h)=constant. Here 
we will consider them as given functions; in the 
particular case, one of them may be a constant. 

The precise solution of (3) is as yet unknown. 
It is possible to obtain an approximate solution, 
however, if the total pressure is approximated by 
an expression of the form: 


u b2 (hr) (4) 


JO ==) be +. a= 
A2p k No \3k—1 
- al lee fy die 


where A,k and h, are certain constants, and a (h ) 
is a function selected, like these constants, from 
conditions of optimum approximation of the total 


Uv 


pressure. Since (4) contains three arbitrary con- 
stants and a single arbitrary function, the accuracy 
of this approximation is entirely satisfactory for 
the solution of many problems of magnetic gaso- 
dynamics. The further solution of (3) simultaneous- 
ly with (4), according to the method in Ref. 2 is 
accurate. A particularly important part is played 
by the constant h, , which characterizes the degree 
of inhomogeneity. For large hy , the initial distri- 
bution approaches uniformity; at small hy Sitis 
strongly inhomogeneous. 

Transforming (3) and (4) to new variables with 
the aid of the substitutions of Ref. 2 


c= (ht he), (5) 


z= pr, w=ulr+\ pdt, 


we obtain the system: 


(6) 


Wt = 2x, We == A®hy BRN hgh a/h)y, 


the solution of which determines both the motion of 
the gas and the change in the magnetic field in 
the problems examined. 

In order to find the special solution describing 
a uniformly propagating wave ( analogous to the 
Riemann solution), we multiply the first equation 


in (6) by 


CN lanai ie a (6A) 


or add ( or subtract) it to (from) the second. We 


es 


a 
K. P. Staniukovich, Dokl. Akad. Nauk SSSR 96, 441 
(1954). 


INHOMOGENEOUS, ONE-DIMENSIONAL MOTION PROBLEMS 


then obtain: 


h—1)/k —(R+1)/3 2RA  , (3kh—1/k) (k—1/2k 
Ane 1/h (R--1)/2R [ ae — Age 1/k R ) 
=) 
ze [w =e 2RA rime) i) 
[Sea pag eo : 


from this we find that the values of the factors 


2 
pes RA 


(sk—1) /ak. (k—1) 2h (8) 
a a = 


= COMSE 


and that they are propagated with a speed 


dx (A--ho)? HR (9) 


Ot Ae ‘ nish ik 


? 


si pr iak (eee (3kR—1) /2k 
Ae Ag 


i.e., Eq. (9) is the velocity of propagation of a 
disturbance in the problems under consideration. 
Integrating (7) with the aid of (8), we obtain: 


t= -b AAG Dekh, F(2), (10) 


where F is an arbitrary function. Returning to the 
old variables: 


ARS eg VA 
k 
p' +1)/2k 


+ F(=£ AL 


ho 


This is then the special solution, describing in 
implicit form the dependence of the total pressure 
on time and. The dependence of the velocity of 
the gas u on time and h is found by the substitu- 
tion of (11) in the first equation of (3): 


uw = +( HD 


(3kR—1)/2k (12) 
a+ is) 


x A p\k-1)/2k Pp 
s ae, ( A+ ho ) ; 


where the function ® (z) satisfies the condition 


As an example, let us examine the case in 
which F’=0, which is the analogue of self-simulated 
motion in inhomogeneous problems. From (11) and 


(1 2) we then find: 


KAPLAN AND STANIUKOVICH 


p = ( ho \ (R—1)/2k Af \2k/(kR+1) (1 3) 
A+ No ) t } > 
h 2k Ah \e—DI(R-+AL) 
u = Uy — ( } J 
0 h+h, A ( t ) 


Le = CONST. 


The initial values of p and u are found at some 
value t=¢,. The formulas in (13) make it possible 
to examine qualitatively the peculiarities of motion 
in inhomogeneous problems. In particular, as may 
be deduced from (13) and (12), the total pressure 
decreases with time according to the law parent. 


whereas the velocity increases from its zero value 
to 


ho yetaon (14) 


ip 
UW —- 
max \h he 


where P, is the initial value of the full pressure. 
Thus the maximum velocity of propagation depends 
generally, on h. This circumstance can lead to 
the formation of rarefaction shock waves, des- 
cribed in Eq. (13). 

In fact, since u=(0t/ot ), then, integrating the 
second equation of (13), we arrive at a relation- 
ship which is determinant for x: 


(k—1)/ 
Ap' ES 


’ 


elated hg \2% (15) 
Oe 2 (5) 
\ (R—1)/(R+1) 
x A (2) t + uot + 0(A), 
or 
x = AS (w= uy) t + tot +9 (0) (16) 


= sent ut — eS Ut + 9(h), 


where 


(17) 
C= ty xX = Xo (i), 


a ic ho he eo 
POST ae Rg ios 


Tn ig ho Ah, (R—1)/(R+1) 
w= to — (555, 4 (4) 3 
then from (4) we find V=U =dx., / dh, from which 
we determine h=h(x,) and ~(h). However, since 
o (h) can be arbitrary in the given prob- 


lem, then we will on the contrary 
set t=t 4 {h), from which we determine h=h(x, ): 


Therefore, let p(A) be given. 


2h 


The conditions for the formation of the shock 
wave in Lagrange coordinates can be described 
extremely simply. As a matter of fact, the trajec- 
tories of the various particles must intersect, and 
Peon tae knowing that x=«(h,t), we require 
that 


(ar), 48+ OG 


es (1 8) 


2/(k-+1) A 
x(E) +5 =0. 


No } 


As an example, let us suppose that 


— Ag ae 
E Blaeaeag le 


then we arrive at the following expression 


(1 8a) 


(19) 


(Rk + 1) Atk+1) ( x (; fn 
. 0 


=( Ny ea 
The AE hg 


‘ee 


This condition relates the Lagrange coordinate h 
with the time of the beginning of the formation of 
the shock wave for the given particle. In the 
particular case, when d=2k, we arrive at the con- 
clusion that the shock wave forms at the moment of 
time 


t= —: BA-2kI(KH) hy~ AIH) oe (20) 
i.e., simultaneously over the entire region of exis- 
tence of the wave. As we see, the influence of a 
strong magnetic field on the motion of a gas can 
be extremely significant. 

In conclusion we may note that if k satisfies the | 
condition k=(2n+3/(2n+1), where n=-1, 0, 1,2,. 
. .., then it is also possible to obtain a general 
solution for the system (6), depending on two arbi- 
trary functions. Referring the reader to Ref. 2 for 
details, we immediately write the final result: 


grti Dil 
t= —eor (A (64+ %)+hO—2)I, ay 


2kA 
jes ea hy (sk—-L/2k o(k—1)/2k 


Ne [ hop 
~ kR—1 (A+ 


ec 


With the aid of this solution it is possible to 
investigate the motion of a gas in magnetic gaso- 
dynamics after the formation of shock waves. 


Translated by A. Certner 
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The method of the Green’s function is applied to the problem of the interaction of electrons 
with the phonon field. The electron energy spectrum and electron momentum spectrum at 


absolute zero have been computed. 


1, INTRODUCTION 


Pe question of the interaction of conduction 
electrons with the vibrations of the crystalline 
lattice has in recent years ac quired considerable 
importance for a whole series of problems. It has 
been observed repeatedly (see, for example, refer- 
ences 1-3) that, within the framework of the phonon 
picture of the crystal, this problem is anologous to 
problems considered in contemporary quantum field 
theory (only with this difference, that the momentum 
of the phonon has, of course, an upper limit). 
Salam?, with the help of the usual technique of 
Feynman diagrams formally constructed an S matrix 
for the electron-phonon field. However, the calcu- 
lation of just one S matrix does not always present 
immediate interest. In a series of cases, there is 
physical interest in the energy spectrum of the 
electron which interacts with the vibrations of the 
lattice, and the state distribution: functions of 

the electrons. These problems are most simply 
solved by the Green’s function method, since the 
distribution function can be obtained directly from 
the latter. 

In the present research, the connection is estab- 
lished between the Green’s function and the distri- 
bution function, and the state of the system at ab- 
solute zero is investigated. For concreteness, we 
consider a system of electrons that are not directly 
interacting (an electron gas). However, it must be 
kept in mind that all considerations can, by a 
simple change of notation, carry over also to the 
case in which arbitrary elementary excitations of 
the Fermi type interact with phonons. 


2. GREEN’S FUNCTION AND THE DISTRIBUTION 
FUNCTION 


We denote by W(x) and A(x) the quantum wave 


1, Frélich, Phys. Rev. 79, 845 (1950). 


2S. B. Tiablikov, J. Exptl. Theoret. Phys. (U.SS.R.) 
21, 377 (1951). 


3 A, Salam, Progr. Theoret. Phys. 9, 550 (1953). 


functions of the electron and the phonon fields 

(x = {x, xo}, 8S =spin index; only longitudinal 
vibrations of the lattice are taken into considera- 
tion, because the interaction of electrons with the 
transverse vibrations can usually be neglected). 
The Lagrangian of the interaction with the acous- 
tical vibrations has the form (fi = c = 1; c=velocity 
of sound): 


Lint = {295 (x) Ys (x) + 0 (x)} © (x); 


Here p(x) is the ‘external charge density” (analo- 


gous to the ‘‘external current’’ in quantum electro- 
dynamics), g = coupling constant (it can be expres- 
sed by the known constant C which enters into the 
theory of electrical conductivity*). The matrix S 
is given by the well known expression (we make 
use of the interaction represent ation) 


S = T fexp (i \ L (x) dx)}, (2.2) 


where the symbol T{. . .§ denotes the T product. 
Naturally, S is an eigenfunctional of p(x). The 
electron Green’s function G and the ‘‘potential’’ 
a(x) are obtained in the samie way as in quantum 
electrodynamics (see, for example, reference 5): 
Gs) (x, y) ey (2.3) 


<So> * 


T {95 (x) Ue (y)S}>o, 


a(x) = —t 6In<S),/60 (x) on 


(the symbol <...>, means “‘averaged over the 
ground state of the system in the absence of inter- 
action’’). The Green’s function for phonons could 
also be introduced, but it is not necessary for us 
in the present research. 

It is easy to see that the Green’s function 
Ce Ax, y) directly describes the state distribution 


4 
eee and A. Sommerfeld, Electron Theory of 
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of the electrons (taking into account the interaction 
with the phonons). 


Thus 
lim G(x, y) =— iRi(x, y; 0); 
vo> Yo=t (2.5) 
aay 
lim iG (x, y)=iRi (x, y; 0), 
Yor Yo 


Yo-yo 


where R§ and Re are ’‘single particle’ density 
matrices for electrons and holes, respectively (cal- 
culated with consideration of the interaction with 
phonons). We now put w(x) in the form 


? 


Ys (x) =| dias (%) & (x) oe 


(a,(A) are the Fermi operators, which operate on 
the occupation numbers, ¢ (x) are the eigenfunc- 
tions of a certain additive operator, the eigenvalues 
of which are A; the index A can also denote the 

set of several quantities). Then (for x, < Yo)! 


Gee (x; oe i\ Dhar fs (A, d’) op (x) Oh (y), 7) 


fh, XY = a5, (ee 1K. de QS >on (2.8) 


If the dynamical variable \ has a definite meaning 
even in the presence of interaction of the electrons 
with the phonons, then 


POG ANS foe OOO (2.9) 


Gis(X, = — i\ fos (Nen(x) t(y)da, (2-10) 


Passing to the limit x_ 5 y, in accord with Eq. 
(2.5), we see that, to find the distribution of the 
electrons over the values of the ‘quantum number” 
d ,it suffices to expand G, ,-(x,y) in terms of the 
eigenfunctions %, (x) 3, ty) ; in such a Case, it 
will immediately become clear whether or not it is 
possible to speak generally of such a distribution 
(i.e., whether the given dynamical variable makes 
sense). Similarly, for x, > Vo the expansion of 
the Green’s function in terms of the %, (x) oy (y) 
gives the distribution of “free places’’. 


3. EQUATION FOR THE GREEN’S FUNCTION 
AND FOR THE “‘POTENTIAL’’ 


The equations for the functions Ce + (x,y) and a(x) 
can easily be obtained (if only in the model of Anderson?), 
With the use of Eq. (2.3), we have* 


Gs,s,(x, ¥) = tKs,s,(x, y) Bip 
; 6Gy.(Z, Y) | 
—g \ d2K.. (xa) (ee + ta (Z) Ggs, (Z, y)}, 
(3.2) 
a(x)= i\ deF (x, z)o(Z) 
(3.6) 


(Summation is carried out over the repeated spin 
indices). Here K,, Ax, y) and F(x, y) are the dis- 
tribution functions of the “‘free’”’ electron and of 
the phonon field: 


Kes (2, 9) = XT 9s (x) 9 WY) Por 
F(x, y) = <T {0(x) 2(y)}>o 


Writing yw. (x) in the form (2.6), and introducing 
the notation 


SF (4) = <a8 (4) as (2) 


(3.3) 
(3.4) 


(3-5) 


we obtain 


Kez (x; y) 
pol RST OE af iia naa 
[Gadi 4.0) 190), x0< I. 


* In Eq. (3.2), the components corresponding to closed 
loops are omitted. It is easy to show, however, that in 
the approxomation employed below ,consideration of 
such terms leads only to the renormalization of the Fer- 
mi energy. Assuming the latter operation to be completed, 


one can omit this term. 
5 J. L. Anderson, Phys. Rev. 94, 703 (1954). 
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This expression can be written in more compact 
form if the functions ¢ (x) describe stationary 
states (this particular case also represents funda- 
mental interest). Let W(A) be the energy eigenvalue 
which corresponds to the “‘quantum number’’ A. 
Then, (x) = U,(x)exp{—iW (A).x,}and, as 
can easily be seen, the function K. . Ax, y) can be 
written in the form 


Kenny) = = him \ dhl; (x) Ux(y) 
->0 
| Bsss [S—WAA)] +e [2Foy, (A) — Baqi] 
[S—WOF +2 ; 


(3 7) 


—o 


This formula is suitable for use if the structure 
function f2 (.) is continuous. In some cases, 
however (for example, in the investigation of a de- 
generate electron gas), this function is discontinuous: 


O5st,) We ae 


0, W>W,, OP) 


f90) =| 


where W. is some limiting value. It is then appro- 
priate to replace Eq. (3.7) with 


VIBRATIONS OF CRYSTALLINE LATTICE 


where the contour of integration L is drawn in the 
figure. (This formula is entirely analogous to the 
well known expression for the function S¢ (x — yf 


Plane S 


The quantum function of the phonon field A(x) 
has the form? 


A(x) = {bye!* + bee}. (3.10) 


1 ( df 
V 2x8 JI FI 
Here 6, by are the usual Bose operators, 
fx =f-x—|f|x, and the possible values of the 
quasi-momentum of the phonon, |f|, are bounded 
above by the Debye value ic: Introducing the ex- 


XKes (X, y) = se Oss’ (3.9) pression 
B(t)= <b¢b> o> (3.1) 
ite i — PR 
\ aU, (x) U2 (y) ( ds =P fe eS ae ? 
: we obtain 
nO ee el a I ae 
{aas atl f| {2B (f) sin(f, x—y) +e 9}, x9 > Yo, 
F(x¥) = ; (3.12) 
(5x3 \ di|f| {2B (f) sin(f, x —y) + e-' 4 *-y)}, x9 < yo. 
In what follows, it will be more appropriate to use 8Ges, (2, ¥)/ 8p (2) 
mene nares ee for the functions : 
K.. “4x, y) an x, y) and not the explicit expres- n 8a(z' 
sions for them. a \dz'dx'dx' a Geren (Z, x") (4.1) 
4. “OPERATOR OF THE ENERGY OF INTER- BG giig (%", x!) 
ACTION.” THEORY OF WEAK COUPLING 5 Sa (ay stale 5 IV) 


F'or the application of any particular form of per- 
turbation theory, it is convenient to deal with the 
functional derivative not of the Green’s function 
cater but ofits inverse matrix. It is easy to see 
that 


If we introduce the notation 


© A. I. Akhiezer and B. V. Berestetskii, Quantum 
Electrodynamics, Moscow, 1953. 
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AE .5# iz. aon (4.2) 
ee Peete) ine POG Ox) 
=1g \ dz'dx Be (z) 2s" (2. Be ) TESS (aa 

then Eq. (3.1) reduces to the form 

Gos, (X, Y) = tKss,(X, Y) —tg (4.3) 


x\ dzKg,s' (x, Z) Gers, (2, y) a (Z) 
— i\ dzdx’ Key (x, 2) ME vs (2, x!) Gore, (2's y). 


Multiplying Eq. (4.3) by G-} and varying the Ber 
sult with respect to a(z%), we get the expression 


(4.4) 


= i SAE sgn CE <a) 
which is of use in what follows. The matrix 
AEvs(z, x’) characterizes the additional energy 
which is transformed by the electron into the 


AF = AE ein 


GO. (x, y) = GE, (x 
ARG (z 


“ 


? 


i 
gS 


e 


\ dz'dx"F(2’, z) Kes’ 
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phonon field and itself represents the analogue of 
the mass operator of quantum field theory. In this 
connection it is pertinent to call AE the operator 

of the energy of interaction. 

To solve the nonlinear equation (4.3), we must 
make use of some form of perturbation theory. In 
the present work, we limit ourselves to the case of 
weak coupling. It should be borne in mind, how- 
ever, that even under these conditions , direct ex- 
pansion of the Green’s function in a power series 
of the coupling constant is, generally speaking, 
hazardous. It is more accurate to expand not the 
Green’s function itself, but the equation by which 
it is defined, i.e., the operator of the energy of in- 
teraction AF (or the inverse matrix G7!, which 
amounts to the same thing). 

In accordance with what we have said, we write 


AE = AE” 4 gAE® + AE? +... (45) 
Noting that, by Eq. (3.2), 
Be (2) et F (sez) dd (&) leet 2) a 
de (z) 


we get (the indices on G denote that this function 
satisfies the equation expanded in corresponding 
fashion): 


(4 7) 
» Y) = Kas, (X,Y), (4.8) 
se) 
BGR. (x", 2) 
n(Z, Xx ) da (z’) o=0 (4 9) 


ee SS ES SS ee 


By reason of Eq. (4.4), Eq. (4.9) takes the form 
AESy (z, x!) = —iF(x', 2) Kost (Z, x’), (4.10) 
Ee ee ee 


Gg? 


S1S_ 


= Keay) 8" \ dz'dzKz,s (x, 2 


and correspondingly, we find the following linear 
equation for Gs s\% y): 


(x, y) 


, (4.11) 
) F(z’, 2) Kes (Z, 2") Go's, (2's 9): 


This equation can be solved exactly. 


5. FERMI DISTRIBUTION FOR AN ELECTRON 
GAS IN A CRYSTAL AT ABSOLUTE ZERO 


The general relations obtained above permit us 
to solve without difficulty the problem of the effect 


of the zero vibrations of the crystalline lattice on 
the electron distribution function. As a first step, 
we ‘‘smooth out”’ the periodic potential of the lat- 
tice, considering it only formally — by replacing 
the real mass of the electron by an effective mass 
(m). For the functions ¢ (x) it is reasonable to 
take plane waves (the index A denotes the three 
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components of the momentum of the electron): 


€ (#) = (28) 


2; A 7 = 
—*), pipx—iporo- 
i2e%P oY os 


(5.1) 


VIBRATIONS OF CRYSTALLINE LATTICE 


The structure function Ie (@) has the form of Eq. 
(3.8), where VW, = ae / 2mis the Fermi energy. 
The function Bp is cero dt absolute zcrommlhua 
the distribution functions K,, (x,y) and F(x, y) 
take the form 


Ks (X, V) = 8sK (x —y), (5.2) 

K(x—y)= ons \dp\ ds exp {2(p, a ; (5.3) 
L 

F(x—y)=55\dt|fl exp, x—y) —ilfll x —yol}- 65.4) 


Equation (4.11) is easily solved in this case. 
First, it is clear that the Green’s function is dia- 
gonal in the spin indices and depends only on the 
difference of the arguments 


Gee CG, y) — Os,s,0 (x a y). (5.5) 


From Eq. (4.11) we get for the function G(x — y) 


G(x—y)=tK (x—y)= 2 (5.6) 


x| dzdz' K(x—z) F(z' —z)K(z—2')G(z’— y). 
The boundary condition in this equation is clear 
from a consideration of Eq, (5.3). Setting s = Fe+ 3’ 

in that case, we see that in the new variables (p,s ’) 
the boundary condition takes the usual form: for 

Xq >¥q We must get diverging waves, for x) <y 9» 


converging (one does not have to pay attention to 
the factor exp {— 1E (Xo — Yo)} which appears in front 
of the integral, in this case). 

The solution of Eq. (5.6) for the given boundary 
condition has the form 


G(x—y)=— ay (5.2) 
; exp {i(p, X —¥) — ipo (X0 — Yo)} 
\ ap\ apo —(p?/2m)+ig*f(p, po) — ” 


where the contour L is drawn in the figure (for 


Wi He ps and 
F(P, po) =\ K(x) F(— 


x) exp {— ipx (5.8) 


+ ipoXo} Ax. 


Calculation of the integral gives (we limit ourselves 
to the case pp > fd: 
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where 


a=V m> — 2m (p,— p); b= Vm? — 2m (p+ p); p=|pl. 
2)jfor p< pa— fy: 


ue fp (p + fo)? + 2m (po — fo) 
F(P, Po) = = salt In Ome 
—m 9 ae 
+ (p— m)[P=2F eo + |b /]In PE nD fo) _ 
+ (p+ n(n? + jap] In So) 
0 


b Ea p+fo—m+b p—m—b 
so (ce ae PLY zy ee 
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3) for | p> po + fo: 


He. 2) = — 7a in fn ia 
+ (pm) [22 +45) 1n PP lee I 6.1) 
+ (p +m) [PEPE + jap] in 2+ fal Po (oo + fe) 
[(o— my + EE) in SREP ams 


— al (p-+-m)*+ linet e ee pe tS phi — 5 mpf- 
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Comparing Eq. (5.7) with Eq. (2.10), we can find Eq. (5.7) determines the energy W(p) of the electron _ 
the electron momentum distribution function f(p) where which interacts with the phonons: y 
the interaction with the vibrations of the lattice is : : 
taken into account. It will be more useful for us, W (p) = (p?/ 2m) — ig? f(P, P,), (5.13) | 
however, to compute not f(p) but the hole distri- 
bution function ®(p) which is related to f(p) by the 
relation ®(p) = 1— f(p). From Eq. (5.7) we get 


co) = Le d €XP {— ipo (%) — Vo)} (5.12) 
(p) 20 \ Po Po —(p?/ 2m) == ig’f(p, Po) E> Pri ieee mM. (5.14) 


where p%, is the square root of the denominator in 
Eq. (5.7). We note that the following ine qualities 
are practically always valid: 


(for x9 > Yo; %o-> Yo). 
Comparing Eq. (5.7) with Eqs. (4.10) and (5.8), Therefore the expression for W(p) can be written in 
it iseasy to see that the pole of the integrand in the ete simple form: 


we iis 2 


W — pis Seal eeaee ee Teak 
C= a as phot oe ee (5.15) 
+ Sp eat Sparc (yee = + arc tg pots we ae 


(This formula is valid for p >> m.) It is further clear from Eq. (5.14) that for 
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p< E, +'/. mall the branch points of F(p, p,) 
(considered as a function of the complex variable 
Po) lie to the left of E,. By drawing the curve 
along the real axis from — ~ to p + 1/2 m, we can 
compute the integral (5.12) directly for values of 
p in the interval O< p<( FE, + 1/2 m (ie., in all 
regions of practical interest). It must only be 
kept in mind that the pole of the integrand in Eq. 
(5.12) is generally simple (because reduction to 
zero (for one and the same value of Po) both of the 
denominator itself and its derivative with respect 
to p, is possible only for a certain definite g). 
Thus we obtain for? <£, + '/,m (there and below, 
we keep only the first terms of the expansion in 
small quantities of the type m/pp, etc.): 


D(p)=0, p< pe; (5.16) 
2m? pT (55.27) 
> (p) = {14 zee ae 
+2(arety / “fo tL arctg 4 fo =) 
4 fo fo Ws p> De 
3 (ee | > = € 
where 
jp ape {1+ “<5 E t2 (5.18) 
bp in 
4 lA t* Q 
5 In( 1 7) + 3 (arc tg (1 + 2) 
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In particular, if Pp f,, (generally speaking this 
ine quality does not occu), then Eq. (5.17) has the 
simple form 


2e°m? Ie ca (5.19) 
an) aint aos é 
(P) [ ar? | 
(if p >p,)- In this case, 
4. gm? 
P= B15 Se. (5.20) 


It follows from Eq. (5.17) that, because of the 


interaction with the zero vibrations of the lattice, 
the electron momentum distribution is somewhat 
“smeared out’’; even at absolute zero sgme of 


the electrons possess momentum which exceeds 
the Fermi limit. Analogous results are obtained 
also in the calculation of the interaction of elec- 
trons with optical vibrations. 

I take this opportunity to thank N. N. Bogoliubov 
for his criticism of the work and for a number of 
valuable suggestions. 


Translated by R. T, Beyer 
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Some Electrical Properties of Water and Ice 
V. I. ARABAD ZHI 
(Submitted to JETP editor, June 8, 1954) 


J. Exptl. Theoret. Phys. (U.S.S.R.) 30, 
193-195 (January, 1956) 


| Be problem of the electrical properties of water 
and ice is of paramount importance in the study 
of atmospheric electricity, particularly with regard 
to storm formation, since it is directly due to the 
interaction of droplets of water and crystals of ice 
in the cloud that the storm process develops. In 
this connection, we undertook a series of experi- 
ments for the investigation of the properties of 
water and ice. 

1. When ice was reduced to small particles with 
a saw or scraped with a metallic scraper, and parti- 
cularly by glass, the small ice chips falling into 
the container of an electrometer displayed a posi- 
tive charge. At ice temperatures within the limits 
of -12° to-18°C, a positive charge from the ice 
particles appeared on the receptor surface of the 
electrometer of an order of magnitude of 10°” 
coulombs per gm of ice particles as a result of this 
scraping. When glass was used for scraping, a 
somewhat greater charge developed than when me- 
tal was used, but of the very same order of magni- 
tude. When the temperature of the ice was lowered 
with the aid of a cooling mixture to -55° C, a posi- 
tive charge appeared on the receptor surface of the 
electrometer, as a result of the scraping, which 
was an order of magnitude greater than in the fore- 
going case. (It is a noteworthy fact that dur- 
ing this procedure, after only 30 scrapings of glass 
on ice, the receptor surface of the electrometer 
charged up from the particles of ice\to a potential 
having an order of magnitude of 2000 V). However, 
upon further reduction of the temperature of the ice 
to -190° C with the aid of liquid air, the ice be- 
came brittle and instead of forming ice dust during 
scraping cracked off along its planes of juncture. 
The charge of the chips during this process was 
also positive, but approximately 300 times smaller 
than at a temperature of -55° C. 

The scraping of the ice in all these experiments 
took place in the open air at temperatures of the 
order of -10° /-18° C, and also immediately after 
carrying the cooled ice from the refrigerator or 
from the open air into a laboratory with an air 
temperature of 18° C. In the experiments de- 
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scribed, twoforms of ice were utilized: ice which 
had formed in the open air during the freezing of 


water at the edges of roofs, and ice artificially 
prepared from distilled water in the laboratory. The 


character of the electrification of the ice chips did 
not vary essentially during the process. 

2. For the characteristic curves of the electri- 
cal properties of ice it is important also to have 
some idea of its polarization, which we studied 
in a cylindrical specimen having a radius of 1 cm 
and a height of 3.5 cm. This specimen of ice was 
connected into a dc circuit in series with a resis- 
tor having a value of the order of 10© ohms for a 
period of approximately 1 hour, and its polarity was 
noted by reading an electrometer which was hooked 
up in the circuit between the specimen and the re- 
sistor. Computation of the emf of polarization was 
carried out according to the formula 


[Pre ie Uy u — u,)/U,, 


where u is the difference in potential between the 
terminals of the current source, and u, and u,, are 
the potentials to ground established by means of the 
electrometer at the start and at the conclusion of 
measurement after time t. The results of measure- 


ment of the emf of polarization for two tempera- 
tures are shown in Fig. 1. The relative error of 
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Fic. 1. Dependence of the emf polarization of ice 
P on the intensity of the applied field E. 1 — at 10°C 
2 — at 18°C. 


these measurements did not exceed 15%. In order 
to prevent oxidation of the electrodes between 


which the ice was compressed from having any 
effect on the measurements, the electrodes were 
tinned, and their condition was checked during 
every measurement. The ice was obtained from 


286 LETTERS TO THE EDITOR 


distilled water and together with the electrodes 
frozen to the ice remained in a thermostat where 
the necessary temperature was maintained constant 
with the aid of a cooling mixture. 

3. The mutual electrical properties of water and 
ice are characterized by the contact difference in 
potentials between them.! Measurement of the 
contact difference in potentials was undertaken by 
us in the open air and was carried out at air tem- 
peratures within the limits of -8 to 12°C. The 
radiator-type collector was positioned at a height 
of approximately 0.5 cm above the surface of the 


water or ice and was connected to the electrometer. 


The water or ice in the glass container under the 
collector was grounded. First, water which had 
previously been cooled to approximately +4° C was 
placed under the collector, and the electrometer 
was read at a time 2-4 minutes after activating the 
test setup, when the needle had attained a fixed 


position. After this, in order to prevent the for- 
mation on the collector of a deposit of water or 


frost and to accelerate freezing, air was blown 
through the space between the water and the col- 
lector at a speed of 2.5 m/sec by means of a fan. 

In order to clarify the possible effect of the 
blowing of air over the water on the results of the 
measurement, control experiments were carried out 
for measuring the contact difference in potentials 
with and without the blower, and these demon- 
strated that the blower had no effect on the results 
of measurement. When the water surface had be- 
come covered with a solid layer of ice, the blower 
was turned off and the stable reading of the elec- 
trometer was once again recorded. The difference 
in the readings of the electrometer represents the 
contact difference in potentials between water and 
ice. In all the experiments described we used dis- 
tilled water and the ice obtained from the latter. 
The freezing of the water under the conditions of 
our experiments took place over a period of 8 to 
16 minutes. The average of the 20 measurements 
carried out by means of the indicated setup results 
in a value of 0.15 V with amplitudinal values of 
0.2 and 0.1 V for the contact difference in poten- 
tials between water and ice. As acheck, a series 
of experiments was carried out replacing the water 
under the collector with prepared ice, and vice 
versa. The results obtained were identical with 
the foregoing. 

4. Electrification during the exhaust of a drop- 
let-steam jet from a nozzle has been known since 
the time of Faraday. A similar phenomenon was 
later observed in the exhaust into the atmosphere 
of compressed gases through a nozzle. However, 
in this case, as Drozdov” notes, the electrifica- 


tion is observed only under conditions of contami- 
nation of the gas flow by a liquid or particles of 


a solid aerosol. In order to obtain the character- 
istic curves of this phenomenon supplementing 
those already known, we carried out the measure- 
ments which are described below. Steam was pro- 
duced in a steam boiler where the pressure could 
be raised to 6 atm. Filling of the steam boiler 

was done with ordinary tap water. In all the ex- 
periments the output of steam was accomplished 
over a period of 4 sec through a nozzle with a dia- 
meter of 0.5 cm, and during the course of the exper- 
iments the boiler was grounded. The pressure drop 
in the boiler during steam output amounted to 1-2 
atm, if the initial pressure of steam at the begin- 
ning of output was within the limits of 3-6 atm; 

the drop was 0.5 atm at an initial steam pressure 


of less than 3 atm. In the experiments conducted, 
the potential gradient withrespect to ground was 
recorded immediately after the cessation of steam 
output with the aid of a radio-thorium collector 
used in conjunction with an electrometer. The 
results are given in Fig. 2 for various steam 
pressures and for various distances from the noz- 
zle. As can be seen from Fig. 2, with an increase 
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Fic. 2 Dependence of Potential gradient E of the 
space charge with respect to ground on the distance 
r from the nozzle along the axis of flow at the pressures: 
I—latm. 2—2 atm. 3 — 6 atm. 


in pressure, the zone of maximum potential gra- 
dient moves away from the nozzle along the axis 
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of droplet-steam flow. At fixed distances from the 
nozzle, the greater the pressure of steam in the 
boiler before exhaust, the greater is the potential 
gradient which occurs. Also noteworthy is the 

fact that the electrification of the air takes place 
not only along the axis of flow, but also in a direc- 
tion perpendicular to this axis, and the higher the 
pressure in the boiler the stronger this effect. 
During the exhaust of compressed air from a com- 
pressor within the limits of 1 to 6 atm no electrifica- 
tion at all was observed. The error in the measure- 
ment of the potential gradient in all cases did not 
exceed 50 V. The sign of the charge which the 
droplet-steam jet transmitted to the air was posi- 
tive in all the measurements. The measurements 
were carried out in a room having the dimensions 
12x 6x 2.75 m° at a height of 1 m from the sur- 
face of the stone floor. Water pipes were used for 
grounding. The velocity of the droplet-steam flow 
was measured by an anemometer at various dis- 
tances from the nozzle and at different pressures, 
while all the measurements were carried out along 
the axis of symmetry of the flow. The results of 
measurement of the velocity of flow are presented 


in Fig. 3. 
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Fic. 3. Dependence of the velocity of flow v on the 


distance r from the nozzle along the axis of flow at 
steam pressures within the boiler of: ] — 1 atm. 2 — 
2 atm. 3 — 6 atm. 


The electrical properties of water and ice which 
we investigated provide supplementary materials 
for the understanding of phenomena connected with 
the process of development of storms. 


ly. J, Arabadzhi, Dokl. Akad. Nauk SSSR 60, 811 
(1948). 
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2N. G. Drozdov. Statistical Electricity in Industry, 
Energoizdat, Moscow-Leningrad, 1949. 


Translated by A. Certner 
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The Question of the Formation of a Cellular 
Structure in a Layer of Fog or Smoke 


V. K. LIAPIDEVSKII 
Moscow Physico-Engineering Institute 
(Submitted to JETP editor September 19, 1954) 
J. Exptl. Theoret. Phys. (U.S.S.R.) 30, 309-400 
(February, 1956) 


N the literature, cases of the formation of a 
lake structure in the layers of a liquid or a 
gas are described by an unsteady state, for example 
by heating underneath and by cooling from above. !>2 

In addition, cases are described of the formation 
of a cellular structure in two-phase systems (for 
example in spermaceti, which contains a suspended 
aluminum powder, ® in a layer of smoke, which is 
introduced into a chamber which is heated from be- 
low and cooled from above).4:5 As cause of forma- 
tion of a cellular layer in a two-phase system (simi- 
larly for one-phase) it is acceptable to assume a 
convection, determined by the difference of tempera- 
ture between the lower and upper boundaries of the 
layer. However, as observations carried out by us 
show, the formation of a cellular structure in a layer 
of fog is possible in conditions when the gas is 
cooled from below and heated from above or when | 
in general a temperature gradient is absent. The | 
horizontally situated layer of fog of variable thick- 
ness is easily obtained in a diffusion-con densation 
chamber by means of a gaseous discharge. Cylin- 
drical and rectangular chambers were employed 
with a bottom which is cooled and with glazed 
walls, differing little from the one described ear- 
lier. 

The chamber was filled with air or argon. A sur- 
face of ethyl alcohol gave rise to a vapor which is 
collected in a tube which is placed near the top. 
For the creation of a continuous process of dif- | 
fusion near the walls at the bottom of the chamber 
a porous membrane was inserted which is mois- 
tened with alcohol. Under the action of the capil- 
lary force the alcohol, being at the bottom, was 
raised through the membrane to the top and there- 
upon, having evaporated, diffused downwards. 

Other sources of the vapor were absent in this case. 

In the presence of a gaseous discharge between 
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points which were located near the top and at the 
bottom of the chamber the ions, striking a sensi- 
tive layer, formed a fog, developing a heterogeneity 
of saturation in the space of the chamber. Such 
heterogeneities arise, for example, as a result of a 
local absence of saturation which was brought about 
by condensation of the charged nuclei which were 
created by the ionizing particles or as a result of 
convection currents in the volume of the chamber, 
subjected to the correctly chosen thermal process. 

In the presence of a point discharge, a completely 
homogeneous layer of fog arises which, in the 
course of 1-2 sec., decomposes producing a cellu- 
lar structure (Fig. 1) at a depth of the sensitive 


Gen 


layer of 1.5 cm. The size of the cells is about 1 
cm”. The cellular structure, if its formation is 
caused by the motion of the gas in the chamber, 
having existed up to the formation of the fog, is 
obliged to be non-homogeneous. Heat transfer to 
the walls appears to be the cause of the convec- 
tive motion of the gas in the chamber, therefore 
the circulation in the cells must slowly die out 
along the dimension of withdrawal from the walls 
of the chamber. Nevertheless the dependence of 
the size and shape of the cells upon their place 
of location was not ascertained. 

If the walls of the chamber have a higher tem- 
perature than the gas then the cells are moved in 
a direction towards the walls. In addition to the 
deformation of the cells the following is observed: 
the depth of them is reduced, and the transverse 
dimensions increased (the walls are stretched 
laterally by the motion of the gas). The diminished 
depth of the cells is explained by the motion of 
the gas downward in the volume of the chambercom- 
pensating the upward motion of the gas at the 
walls. In the cooling of the walls, the convection 
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current changes its direction. The gas is moved 
along the walls and the bottom to the center of 

the chamber. Moreover a diminishing of the lateral 
dimensions and an increase in the depth of the cells 
are observed; the cells ‘‘ are shrunk’’, but, in the 
general features the cellular structure arising is 
not changed by the transition from one thermal con- 
dition to another. 

Near the walls the circulation in the cells has 
one and the same direction, regardless of the direc- 
tion of motion of the gas, i.e., in one case the cir- 
culation in the cell coincides with the direction of 
motion of the gas at the wall, and in another —oppo- 
site to it. Therefore, the formation is also decom- 
posed drop by drop onto the ions after the passage 
of an ionized particle (Fig. 2), whereupon the 
boundary between the cells is almost always per- 
pendicular to the direction of the track regardless 
of its orientation relative to the walls. 

All of the empiracle data enumerated above shows 
that the cellular structure, being formed in the dif- 
fusion chamber, was not linked with motion of the 
gas, having existed until the appearance of the fog. 

If the formation of the cellular structure was 
linked with the presence of a temperature gradient, 
then a dependence of the size or shape of the cells 
on the temperature distribution in the volume of the 
chamber should exist. Meanwhile, a detailed inves- 
tigation Showed thatsuch a dependence does not 
exist. 

With a view to this exclusion of the effect of 
condensation on the distribution of the temperature 
the behavior of a layer of smoke was investigated, 
which was introduced into the space of the chamber 
which was cooled, being filled with air. In all 
cases after the formation of a layer of smoke the 
latter decomposes into the cells. Further investi- 
gation showed that the cellular structure arises 
also in the decomposition of a layer of smoke which 
was produced above a plane horizontal surface, in 
the absence of a temperature gradient. The beha- 
vior of a layer of smoke of different origin was in- 
vestigated (Nh, Cl, Nh, NO,, tobacco smoke). 

It should be noted that it is easy to obtain a 
homogeneous layer of smoke above the cooled sur- 
face. This, apparently, is explained by the fact 
that the gas near the cooled surface is found ina 
stable state. If however the layer of smoke is 
formed, its further behavior does not depend upon 
the temperature gradient. In all cases the layer 
of smoke decomposes into cells. 

For a more detailed explanation of the behavior 
of a layer of fog, which is formed by the neutral 
centers of condensation, the emergence of a cellu- 
lar structure is observed in a diffusion chamber 
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with an expansion, differing negligibly in construc- 
tion from the one previously described . The 
chamber was cylindrical with glazed walls. The 
bottom of the chamber was cooled by dry ice. 
Vapor ethyl alcohol was used as a source , being 
poured into a pipe which was fastened to the upper 
lid with openings, through which the expansion 
took place. The operating volume of the chamber 
was separated from the spaces communicating with 
the atmosphere by arubber diaphragm. The chamber 
was filled with air or argon. Supersaturation in 
the volume of the diffusion chamber is not constant 
with height. Therefore, upon rapid expansion, the 
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fog forms itself into a layer the height of which 
depends on the degree of expansion, and conse- 
quently be easily varied over wide limits. The layer 
of fog decomposes into cells in 2 sec, The size of. 
the cells depends on the height of the layer. The 
higher the layer the larger the cell size. For an in- 
crease of the layer up to a certain critical size (de- 
pending on the pressure and the properties of the 
gas in the chamber) the emergence of a second layer 
of cells is observed. The cells of the first layer, 
being deformed, form the cells of the second layer. 
The number of cells in the second layer is sub- 


stantially larger than in the first. 


rie 


For reduced pressures of the gas in the chamber 
the size of the cells increases and the time of for- 
mation and deformation is shortened. At a total 
pressure of the gas of the order of several milli- 
meters of mercury, the cells disappear: a com- 
pletely homogeneous fog settles onto the bottom 
in the course of 1-2 sec without the formation of a 
cellular structure. 

The effects of the nature of the centers of con- 
densation (charged or uncharged centers) on the 
phenomenon were not discovered. 

The formation of a cellular structure in a layer 
of smoke or fog was also observed under natural 
conditions. Usually the formation of the cellular 
structure of clouds is explained by the circulation 
of the gas which was caused by a temperature gra- 
dient. The observations carried out by us show, 


however, that the formation of a cellular structure 
is possible under conditions when a layer of gas 
is found in a comparatively stable convective 
state. Therefore it is natural to suppose that the 
cellular structure of clouds in a series of cases 
also arises only after the formation of a homo- 
geneous fog as aresult of a precipitation of drops 
in the gravitational field. 

The observations show that a homogeneous foggy 
trail, which was formed by an airplane in the upper. 
layers of the atmosphere, in all cases produces a 
cellular structure. This agrees with the proposal 
which is expressed concerning the possibility of 
the formation of a cellular structure of clouds in 
the process of precipitation of the fog. 

In conclusion I express thanks to M. S. Kozodaev 
and Prof. M. F. Shirokov for interest in the work 
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and discussion. 
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Metal-to-Semiconductor Contact Resistance 
at High Contact Potential Differences 
N. A. GOZHENKO AND Iv. M. AMAISKII 
Uzhgorod State University 
(Submitted to JETP editor July 9, 1955) 
J. Exptl. Theoret. Phys. (U.S.S.R.) 30, 401 -402 
(February, 1956) 


T is well known that at the interface between 
a metal and a semiconductor under certain condi- 
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tions’ there appears a layer with additional resis- 
tance R, which is related to the contact potentail 
difference (cpd) by Davydov’s equation? 


R, = (2% /s) (exp {eV, / RT} —1), 


where R, is the supplementary resistance, 1 /x 
is the Debye screening thickness, o is the conduc- 
tivity of the semiconductor, and V, is the cpd be- 
tween the semiconductor and the metal. This 
equation is applicable for small V, (when there is 
no intersection of the Fermi level and the \impurity 
level), but it does not take into account a number 
of secondary phenomena: screening of the field 
by the space charge, tunnel effect, etc. For large 
V,, when the above mentioned intersection takes 
place, Davydov’s equation is entirely unacceptable, 
since a layer with reversed resistivity now appears 
on the surface of the semiconductor and thus de- 
pendence of R, on Ve is different than in the case 
of small /,. The degree to which the surface 
levels are filed with electrons must also affect 
the magnitude of the contact resistance 

We have measured the dependence of R, on the 
cpd V by the method of clamped contacts for dif- 
ferent degrees of filling of the surface levels of 
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Fic. 1. Change of metal-to-semiconductor contact resis- 
tance with air pressure: J] and 2 — copper oxide — aluminum 
(V, =1.18v), two samples; 3 — copper oxide — copper 

. V, = 0.22 v). 


samples of copper oxide®. The copper oxide was 
prepared by the standard method of heating in a 
high-temperature furnace followed by quenching in 
boiling water. The copper oxide was not separated 
from the copper base in order to increase the strength 
of the sample. Different metals were deposited on 
the same sheet of nickel, measuring 10 x 15 x 0.05 
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mm. The measurements were taken at room tempera- 
ture. The contact potential difference was measured 
by the vibration method with an accuracy to within 
0.005 v;_R,, was measured by a direct current 
bridge with an accuracy to within 0.5%. 

The filling of the surface levels was changed 
through adsorption on the semiconductor surface 
of water, alcohol, acetone and benzene vapors (as 
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in Ref. 4). The cpd then changed by 0.04 — 0.06 v appreciable effect was observed with aluminum and 
and the resistance changed as a function of the zine (cpd with samples of Cu, O in vacuum, 1.06 


cpd and the pressure of the adsorbed vapor. For . 
thd exh : : ; and 0.88 v, respectively). With nickel (V; = 0.50 v 
small V , (Au, Cu, Ni) the resistance increased transition effects were ae _ ee 


as the vapor pressure was raised, and decreased the resistance changed quite slowly and irregularly 
again as the pressure dropped. However, begin- We have explained the above phenomena as fol- | 
ning at approximately V, — 0.59 v (Ni) the beha- lows. The normal effect, i.e., the increase of re- 
vior of the samples changed sharply: the resistance sistance with the rise of vapor pressure, can be 

at first dropped very slightly with adsorption and explained by the reduction of negative euriaes charge 
began to rise only at considerable pressures. It due to adsorption and, consequently, to the de- 
was especially easy to observe this effect at eva- creased positive space charge of the semiconduc- 
cuation or with slow admission of the vapors or of tor contact layer. As a result of this change the 
atmospheric air (which always contained water deformation of the hole semiconductor zone is in- 
vapor (Fig. 1): the sample had a slightly smaller creased, the potential barrier is raised and the con- 
contact area with Cu than with Al). The most tact resistance increases. 


1c. 2. (eats of thickness of barrier layer of hole semi- 
conductor with adsorption for different V,: A — normal ef- 
fect; B — anomalous effect; a — impurity level, p — Fermi 
level, J — electron semiconductor, //] — barrier layer, I/] — 


hole semiconductor; - ——— in vacuum; — — — with ad- 
sorption. 
The anomalous effect, i.e., the decrease of R temperature dependence of the resistivity of the 
with rising pressure, is associated with the ab ofe- sample), shows that the entire cpd field does not 
mentioned formation of a layer of an electron semi- _ penetrate into the semiconductor, but that a consi- 


derable portion of it falls in the space between the 


conductor (Fig. 2). With adsorption the resistance 
semiconductor and the metal, and also is screened 


at first decreases, since the deformation of the 


zone narrows the barrier layer at the interface be- by the contact charge. 

tween the electron and hole semiconductors (re- Thus the above experiments show that: 1) in 
gion II). In addition with adsorption there is an in- the study of contact resistances it is necessary to 
crease of the number of current bearers in region I. _ take into consideration the filling of the surface 


levels; 2) with clamped contacts it is easy to pro- 


However when the surface levels are largely filled é 
duce intersection of the chemical potential level 


the predominant increase of contact resistance is 
due to the curvature of the filled zone (resistance with the impurity level. . 
increase of region III), and there is also a de- When our work had been completed and was being 
prepared for publication there appeared a report by 
Kalashnij ov and Iunovich5 concerning a similar 


layer on the surface of germanium. 


crease of cpd screening by the contact charge. The 
total resistance of the sample increases. The fact 
that the intersection of the chemical potential 

level with the impurity level takes place at V,= 


0.50 v, but theoretically should occur at 0.15 v 
(the hole activation energy is e=U,2 and U 
a 


1 A. V. Ioffe. J. Exptl. Theoret. Phys. (U.S.S.R.) 


= 0.30 v for copper oxide, as follows from the 15, 721 (1945). 
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2 
B. I. Davydov, J. Exptl. Theoret. Phys. (U.S.S.R.) 
9, 451 (1939). 
oN. A. Gozhenko, Scientific Symposium of the Uzh- 
gorod State University (in press). 


oie E. Lashkarev and V. I. Liashenko, Symposium 
in Commemoration of the 70th Birthday of A. F. loffe, 
1950, p. 535. 


® S. G. Kalashnikov and E. A. Iunovich, J. Tech. 
Phys, (U.S.S.R.) 25, 952 (1955). 


Translated by I. Emin 
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Investigation of NaCl-AgCl Trapping Centers 
by a Metbod of Thermo-QOptical Bleaching 


Cu. BLusucuix,F. N. ZAiTov, Ku. A. MIAGI 
AND K. Iu. EL’KEN 


Tartar State University 
(Submitted to JETP editor June 18, 1955) 
J. Exptl. Theoret. Phys. (U.S.S.R.) 30, 403-404 
(February, 1956) 


5 at investigate trapping centers in a crystal, a 
method could be applied which is based on the 
measurenent of the change Ax of the absorption 
coefficient of the trapping centers as a function of 
the-temperature 7 when the crystal is excited by 
heat at a constant rate 8. The theory and some of 
its applications are explained in the following ee 
The dependency of Ax(7T) was investigated under 
conditions such that electrons released from the 
trapping centers by optical excitation were small 
compared to the thermal excitation during the mea- 
surement of Ax. Perhaps conditions can be treated 
such that the optical system which releases elec- 
trons from the trapping centers will be of a secon- 
dary nature. This discloses a supplementary 
method for investigation of trapping centers. Usu- 
ally the probability of direct optieal ionization of 
the trapping centers for the release of electrons 

is smaller than that of the optical release of elec- 
trons from trapping centers of thoroughly warmed 
crystals‘. 

Let us suppose a crystal contains a single type 
of electron trapping center; the change of the num- 
bers of electrons n of the thermally excited crystal 
would then be proportional to the condition of con- 
tinuous illumination of the light flux B, and deter- 
mined by the equation 


Opn 


dn p—1 % 
— aT = %o PASSER a 3,6), (1) 
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Here oc. and a, are the effective crosssections of 
recombination \and trapping N, the number of tr app- 
ing levels , P = Po exp (— E, / kT) and 
p* = p, exp (— E> / kT) — the laws of probability 
of thermal ionization of the trapping centers of the 
stable and excited states. (Jt would be convenient 
to designate the value of E, as the thermal ioniza- 
tion energy of the trapping center, although this 
is not strictly correct. See, for example, Ref. 2. 
Since Ax = An, the coefficient A is slightly de- 
pendent on the temperature (A ~ T~°-5), Wquation 
(1) determines not only n(7) but also the depen- 
dence of Ax(7). 

If p >> «Bp*, which has been previously pointed 
out®, the tempertaure qT; at which n = 0.5 No» is 
connected with the thermal ionization energy of the 

trapping centers by the relation 


ie 20,N —11\— 
Ty = {in| 23,1 Se ‘| Lg 


If p << «<Bp*, then most of the electrons would 
be liberated from the trapping centers due to opti- 
cal bleaching. It is easily shown that, in this case, 


(3) 


Sis { Po 20,N o, —1>\—1 


Thus, when B is small (the region of thermal 
bleaching) 7, # 7,(B). When B is large (the region 
of optical bleaching) [= kE pn B+const. — 

For measuring the bleaching curve Ax(7) it is 
necessary to maintain control of the light flux for 
the investigation. It is possible to determine E 
from the rate of the thermal bleaching, which 
is dependent on Ax(T).2°? From the rate 
of the optical bleaching, which is dependent 
on Ax(T) as well as I’, for B, it is possible 
to determine the thermal ionization energy FE, of 
the excited trapping centers. ‘ 

A method of thermo-optical bleaching was used 
by us in the investigation of trapping centers of 
single crystals of NaCl-AgCl. Simultaneous experi- 
ments were made of the spectral absorption of the 
trapping centers Ax(A) and thermal curve / (7). 

The quantities Ax(T) and Ax(A) were measured 
on the SF-4 and SF-2M spectrophotometers. Curve 
I(T) was recorded with the aid of an electron mul- 
tiplier, amplifier, and self-recording potentiometer 
EPP-09. In all runs, B, = 9.14 deg./sec. 

In accordance with literature °-8, we found the 


F— and M— bands (460 and 720 my) in x-rayed 
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single crystals of NaCl-AgCl 0.3 4%, and addi- 
tional absorption bands at 275, 315 and 345 mu 
which were absent from the above mentioned source 
of x-rayed unactivated trapping centers. 

Strong flourescence was emitted when the bands 
were excited (see Refs. 9-10). After initial heating 
to 200 C, the bands at 276 and 345my started to 
disappear, and the band at 315 my remained broad. 
Excitation of this band produced a green floures- 
cence of A, = 540 mu, which was dependent on the 
transition from the excited level to the ground 
state. The temperature for half maximum of 


Ax, 1.5 (7) (the band at 315 mp) was T= 530%. 


The thermal ionization energy corresponding to this 
band of trapping centers can be calculated with the 
help of the half-life relationship obtained by Lushchik. 
It was found that E,, = 1.3 ev. Liberation of the 
electrons from the trapping centers can be related 
to be dependent on the intensity of the fluorescence 
of the unifirmly heated crystal. The temperature 
at half-maximum causes a brilliant green fluores- 
cence at 7 +=505°K, Determination of Ty and 
Db depends upon the effective thermal quenching 
of the trapping centers. 

In the thermal bleaching curve for the phosphor 
NaCl-AgCl 0.3M% we observed three maxima at 
345, 385 and 425°K, in agreement with the litera- 
ture?’11512_ Tt was thought that the liberated 
electrons from the trapping level corresponding to 
the band at 315 mp would appear in thermal emis- 
sion with decreased sensitivity it was possible to 
see a sharp peak in the thermal emission at 
T 2 = 480° K. The large difference of es of this 
peak of the T/* for the band at 315 my is probably 
due to strong thermal quenching of the luminescent 
ionic Ag*. Thus, activating trapping centers of 
NaCl-AgCl and in KCI-TICI (see Refs. 1, 12) can 
also appear in thermal emission. 

In NaCl-AgCl 0.001 M% the temperature of half- 
maximum for the absorption coefficient of the F- 
band is 7,=425°K. At this same temperature 
we have observed the most intense peak of ther- 
mal emission, which corresponds to the liberation 
of electrons from the F-level. The energy of 
the thermal ionization of the F-centers, deter- 
mined from the dependence of Ax(T), E,=1.02 ev 
is in agreement with prior data'®. 

T * = 395°K for the 275 mp band for NaC]-AgCl 
0.3 M%. The thermal ionization energy was calcu- 
lated for the trapping centers of this band to be 
E, = 0.94 ev. 

Comparison of the complete absorption spectra 
of NaCl-AgCl after optical decay of the F-band 
at room temperature indicated that the probability 
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of retrapping electrons liberated from the F-level 
to the activated trapping level measured was at 
least ten times smaller than the probability of 
their recombination with the luminescence centers. 

In the temperature range where the 275 mu 
bands 275 disappears, the 315 my band increases 
as aresult of retrapping of electrons in the trap- 
ping level. From the comparison of the curves 
of Axo5(T) and Axay5(7') it follows tha the 
probability of the retrapping 4, is five times 
smaller than the probability of recombination A,. 
These fats confirm the previous conclusion of 
one of us?4 that A, > A_ in aregime of strong ex- 
citation in alkali-halide phosphors. The problem 
of the relation of A, and A, on weakly excited 
crystals awaits further experimentation. 

In the present work, measurements of Ax(7) 
were completed in the regime of thermal bleaching 
(p >> «Bp*). Data on the regime of optical bleach- 


ing (p<< «Bp*) will be given in a later work. 


*For convenience, we shall call E the energy of 
thermal ionization of the capture centers, although this 
BS not strictly accurate ( see, e.g., Ref. 2). 
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The Effect of Uniform Compression on the 


Superconducting Properties of the =- and B- 
Modifications of Bi,Pd 


N. E. ALEKSEEVSKI AND I. 1. LIFANOV 
Institute of Physical Problems 
Academy of Sciences, USSR 
(Submitted to JETP editor November 19, 1955) 
J. Exptl. Theoret. Phys. (U.S.S.R.) 30, 405-406 
(February, 1956) 


I T has been pointed out in a previous communica- 
tion that the compound Bi,Pd exists in two 
forms!, of which the «modification has a mono- 


clinic lattice and goes over into the superconduct- 
ing state at 7, = 1.70°K., while the S-modification 
with a tetragonal lattice, becomes superconducting 
at T, =4.25°K. It seemed of interest to determine 
the displacement of ‘ips under uniform compression 
for both forms of this compound. For this we used 
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our previously-employed method of measuring the 
mutual inductance at audio frequency. The pres- 
sure was developed in a beryllium bronze bomb by 
the change in volume of water upon freezing, follow- 
ing the method suggested by Lazarev?. The con- 
struction of the apparatus was such as to permit 
placement in the measuring coil, at the time of the 
experiment of either the specimen in the pressure 
bomb, or an ebonite ampule in which was placed 

a similar specimen not subjected to uniform com- 
pression. The amount of pressure developed in the 
bomb was determined from the displacement of the 
critical temperature for tin. To accomplish this, 
two completely identical samples of tin were inser- 
ted along with the Bi,Pd samples in both the bery]- 
lium bronze bomb and the ebonite ampule; the dif- 
ference in their respective transition temperatures 
determined the pressure in the bomb. This was 
generally ~ 1700 kgm/cm®. The temperature was 
determined from the helium vapor pressure. In Fig. 
1 are presented the transition curves for compressed 


Fic, l. Transition curves into the superconducting state:a — Sn 


in bomb with §-Bi.Pd 
ice pressure in bomb; b — 


specimen: O 


8-Bi,Pd: 


no pressure in bomb, @— 
sample: /\ — in beryllium 


bronze bomb, no pressure, []-in ebonite sample, O— ice pressure 


reapplied; @-Bi,Pd 


specimen in bomb with Sn sample: ice 


pressure in bomb, X — pressure removed. 


and uncompressed specimens of B-Bi,Pd and tin 
(along the vertical axis are given the readings in 
volts of a cathode voltmeter connected to the output 


terminals of the mutual induction measurement sys- 
tem”). A certain non-reproducibility in the transition 
curves for B-Bi,Pd, observed when the pressure 


CELT HRS) DO) PH Hh) EDITOR 


was removed and then reapplied, can be explained 
as due either to a partial decomposition of the 
B-Bi,Pd under compression, similar to that oc- 
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5 pal : 

curring for Au,Bi » or to small residual deforma- 

tions appearing in the sample. In Fig. 2 are 

given the transition curves for Bi, Pd and for tin 
? 
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Fic. 2. Transition curves into the superconducting state: a — Sn, 
in bomb with «-Bi,Pd, specimen: @ —ice pressure in bomb; 6: A— 
«-Bi,Pd specimen in beryllium bronze bomb, no pressure in bomb; 
@ — «-Bi,Pd specimen in bomb with Sn sample, ice pressure in 
bomb;x — pressure removed;©) — «-Bi,Pd,specimen, ice pressure 


reapplied. 


the latter serving as before to determine the pres- 
sure in the bomb. In determining the displacement 
of the critical temperature for «-Bi,Pd the tempera- 
ture was measured with a phosphor bronze resis- 
tance thermometer which had aresistance of 11.8 
ohms at T = 4.22°K. 

In contrast to B-Bi,Pd, repeated removal and 
reapplication of the pressure does not lead in the 
case of «Ri,Pd to irreversible displacement of 
the transition curves. For both 6-Bi,Pd and 
«-Bi,Pd, uniform compression leads to a reduction 
of the critical temperature: for «-Bi, Pd the value 
is AT, = 2.5 x 10°?°K, while for B-Bi,Pd AT, 
=5.5 x 10°?°K for the first compression (the dis- 
placement being determined from curves 1 and 2 
of Fig. 1) and AT, =3.5 x 10-2°K when the amount 
of displacement is determined from curves 3 and 
4. It may be remarked that the true value for the 
displacement of 7, is most probably 5.5 x 10°?°K, 
for both the internal pressures resulting from decom- 


$$ — — — —<<<<me 


Se 


position and the small plastic deformation of the 
compressed specimen would serve only to reduce 
this quantity. 

The values of OT ,/dp as determined from the ef 
values for AT, given above are «-Bi,Pd, 2.5 x10-— 


°K cm?/dyne; for B-Bi,Pd, 5.6 x 107'*°Kem?/dyne, 
with AT, =5,5-1072°K, or 3.6 x 10°1!°K cm?/dyne, 
with AT, Oi Omak 


IN. E. Alekseevskii, N. N. Zhuravlev and I. I. Lifanoy 
J. Exptl. Theoret. Phys. (U.S.S.R.) 27, 125 (1954). 


“Nem Alekateyekii, No BoPravdu and Tl kesine 
Izy. Akad. Nauk SSSR Ser Fiz. 16, 233 (1959), 


3B. G. Lazarev and L. S. Kan, J. Exptl. Theoret. Phys 
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4N.E. Alekseevskii, G. S. Zhdanov and N. N. Zhurav- 
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ea Uae: the Orientation of the Antenna 
of an lonosphere Station 


Z. TS. RAPOPORT 
Scientific Research Institute of Terrestrial Magnetism 
(Submitted to JETP editor May 4, 1955) 
J. Exptl. Theoret. Phys. (U.S.S.R.) 30, 407-408 
(February, 1956) 


N anumber of cases it is important to know 

how the orientation of an antenna system will 
affect the relative intensity of the magnetoionic 
components reflected from the ionosphere. Let us 
base an examination of this question on the fact 
that in the incidence of an electromagnetic wave 
upon the lower boundary of the ionosphere, two 
waves appear therein; the sum of their intensi- 
ties yields that of the incident wave. 

In magnetoionic theory,owing to the effect of 
the earth’s magnetic field, the ionosphere is con- 
sidered as anisotropic medium. In the general 
case, regardless of the orientation of the incident 
wave, the latter separates into two waves in the 
ionosphere; each of these waves is polarized 
elliptically. 

In normal incidence of a plane-polarized wave 
upon the ionosphere, the lower boundary of which 
is located in the plane xy (Fig. 1) and the direc- 
tion of the earth’s magnetic field H‘) is in the 
plane yz, the equation defining the state of polari- 
zation of the magnetoionic components is known 
to be: 


Kio 


Eva, (1) 


2Vu(1—v—is) cosa 


= cP Sa TE a a 
u sin? « -F (wu? sin*t w + 4u (1 — v — is)? cos? «)'/? 


where K i =the ‘‘ polarization factors’’ of the extra- 
ordinary and ordinary waves 


E 


ass and By ge the components of the vec- 
tor of the electric field strength for each type of 


wave. 


Vuz= @ -7/@ = |e ; HO imcew; 
uv = 4re?N (z)/mo?, 


Sie 


@y = gyromatic frequency 
@® = wave frequency 
m = electron mass 
e = electronic charge 
= velocity of light in vacuo 
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N =electron concentration 

v = effective electron collision frequency 

« = 7/2 +] =the angle between the direction of 
wave propagation and the vector of geomagnetic 
field strength H‘”’ (the plus sign corresponds to 
an incident wave in the northern hemisphere.) 


] =the magnetic dip. 


Direction 
of propagation of 
the waves 


lives. Il. 


The upper sign before the radical in Eq. (1) 
refers to the ordinary wave, a wave of type 2; the 
lower sign refers to the extraordinary wave, a wave 
of type 1. At the lower boundary of the ionosphere 
we can assume N ~ 0; the equation for the polari- 
zation factors then reduces to the following (ab- 
sorption neglected): 


2Vucos« (2) 


K, 3 = 
u sin? «  (u® sint w + 4u cos? «)'/2 


From this it is seen that at the magnetic pole 

(J = 90°) the polarization of the magnetoionic com- 
ponents is circular and at the magnetic equator 

(J = 0% it is plane. At any other magnetic dip the 
polarization of the two magnetionic components ap- 
proaches the circular as a function of their separa- 
tion from the gyromagnetic frequency. For example 
at frequencies of 1.5 — 5.0 mc the polarization is 
close to plane only in the vicinity of the magnetic 
equator. In high and middle latitudes (/ S 55°) 

the moduli of the polarization factors differ from 
unity by not more than 10%. Equation (2) defines 
the state of polarization of the magnetoionic com- 


ponents corresponding to H\) and / for any given 


place, but it fails to give an answer for the distri- 
bution of energy between the magnetoionic compo- 
nents. Suitable data for this can be obtained from 
the following calculation. 

Let the wave incident upon the ionosphere have 
as usual, plane polarization and let the vector of 
the electric field strength E of the wave form an 
angle £8 with the axis ire coinciding with the mag- 
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netic meridian (Fig. 1). Let us examine the field 


at point z=0. The incident wave can be re pre- 
sented in the form: 


e, =C sin B cos (wt — y), ey = C cos B cos (wt —y). 


For the ordinary wave we can write: 


é = A, sin(w@t—8), e = Bz cos (wt — 8). 


y 


For the extraordinary wave: 


é, =—A,sin(wt— 9), 


% ey = B, cos (wt — 9). 


It is necessary to find the relation between the 
major and minor semiaxes of the ellipses of polari- 
zation of the magnetoionic components (| B,/A, | 

or | A,/B;|). Solving the equation given above 
(using the condition of continuity of the field vec- 
tors, we find: 


By 
Ay 


| Ke |? + tg? B (3) 


=( ‘ 
t+] Ke Pty pp) - 


Now, using Eq. (3), we can compute how the energy 
is distributed between the magnetoionic components 
in the splitting of the plane-polarized wave. For 
this we must compare the average time values of 
the streams of the energies S, , of the two waves: 


Sz = (c/4n) (AB + B3), Sy = (c/4n) (A? + BY), 


In Fig . 2 we have plotted the graphs of S,/S, = 


| Se 


0 0 WD 0 0 8 0 & W 


Fic. 2. Dependence of the ratios of time average 
values of energy flow of the magnetoionic components 
on the orientation of the transmitting antenna for 
various |K,| : 
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F(8) for several values of |K2|. From the plot 

it is seen that with circular polarization,|B,/A,|=1 
regardless of the angle 8. The maximum de- 
pendence of the relative intensity of the components 
on the angle takes place with plane polarization. 
With | Kol = 1.05, S/S does not exceed 1.1. In 
other words, with ly 70°, at the frequencies men- 
tioned above, the average time values of the streams 
of the energies of the magnetoionic components at 
the lower boundary of the ionosphere do not differ 
by more than 10%. With B = 45°, which corresponds 
to antenna location in a NE-SW or SE-NW (magnetic 
direction, the ellipses of polarization and the 
average time values of the streams of the energies 
of the magnetoionic components are equal to each 
other. 

The data obtained shows that if, for example, it 
is desired to have the magnetoionic components 
excited to the same degree in the ionosphere, 
which is sometimes important in the measurement 
of attenuation, the antennas should be disposed in 
a NW-SE or NE-SW direction. In case it is desired 
to ‘*invest’’ the greatest possible energy in the 
ordinary component, the antenna should be located 
in a N-S direction. 


Translated by G. F. Schultz 
Te 


Comparison of Stability of Nuclear Shells 
and Subshells 


V. A. KRAVTSOV 
M. I. Kalinin Leningrad Polytechnical Institute 
(Submitted to JETP editor July 5, 1955) 
J. Exptl. Theoret. Phys. (U.S.S.R.) 30, 408-411 
(February, 1956) 


AN attempt is made in the present work to com- 
pare the stability of various nuclear shells and 
subshells on the basis of experimental data. To 
this end, the values of jumps in the curves of the 
separation energy € | of an «-particle in light and 
medium nuclei are studied. 

Figure 1a shows a typical curve, first given by 
Elsasser!, of the dependence of the energy of «- 
decay on the number of neutrons in the nucleus, or 
the separation energy € of «-particles on the num- 
ber of neutrons in nuclei with equal Z. It should 
be noted that, if the decay energy FE. is in the posi- 
tive direction of the Y axis, the value of e_» having 
the opposite sign, increases in the negative direc- 
tion of the Y axis. There is a june ier of the curve 
E = f(N), mainly in the interval from N toN + 2, 
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where Vis the number of neutrons forming a shell. 
As has been shown?, the value of the jump Ae, 
measured along the energy axis equals the sum of 
the depressions on the energy surface for the nuclei 
(Z, N and (Z — 2, N caused by their increased 
stability due to the closing of a shell or a subshell 
of N neutrons. Consequently, Ae, is proportional 
to the stability of the neutron shells or subshells. 
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As has been shown by Sebgupt3, the existence 
of a proton shell or subshell consisting of Z 
protons can be found from the curve which shows 
the dependence of E (or e ) on the number Z of 
protons in muclei with N = Const, (see Fig. 1b), 
where the value of the shift of the 


curve on the Y axis, Ae,, is also the measure of 
stability of proton shells and subshelis. 


Fig. 1.@— Z=const, 6— N=const 


In the case of «-stable nuclei, the energy e(Z, N) 
needed for separation of an «-particle from the 
nucleus can be calculated from the binding energy 
of the nucleons. Denoting this value by £(Z, N) 
we have: 


en GZ NY 12 (G, N) (1) 


EZ 2 N=) (29). 


Curves showing the dependence of e€. on N(Z= 
const.) and of e_ on Z (N = const.), where e, was 


calculated using Eq. (1), were plotted for nuclei 
with Z from 6 to 54 with the help of tables*»>»®, 
based on experimental data. 

In these curves, which are to be published sepa- 
rately, jumps and knees can be observed, caused 
by shells and subshells consisting of 8, 14, 20, 28, 
32, 34, 40, 50, 58, 64 and 70 neutrons and of 8, 14, 20, 
24, 28, 32, 38, 46 and 50 protons. 

The values of the measure of stability Ae were 
calculated for each curve, according to the scheme 
of Fig. 1, for all neutron and proton shells and sub- 
shells. The curves showing the dependence of Ae, 
on Z for neutron shells, and on N for proton shells, 
show a maximum for a certain value of Z or N 
(Fig. 2). This once more confirms the statement 
of the author’ that the stability of a neutron shell 


a a aR a 


depends on the number of protons, and the stability 


of a proton shell on the number of the neutrons in 
the nucleus. 


The mean values of shell and subshell stability 
Ae,, and the even values of Z or N, for which Ae, 
are greatest, are given in the Table (see below). 
Comparison of the Ae, in the Table shows that 
the most stable shells consist of 8,50, and 82 
neutrons and protons and 126 neutrons. The sub- 
shellsZ, = 24,Z,,=46and VN, =58, the stabili- 
ties of which are relative ly high, were discovered 
first. The confirmation of existence of the subshell 
Zm = 24 may be seen in the slight elevation of 
the first excited state of Cr isotopes®. The same 
subshell is partly substantiated by Fig. 1 in Gro- 
shev’s work? where the point corresponding to Cr 
lies above the curve. The existence of the subshell 
N,, = 58 is confirmed by the existence of 5 stable 
nuclides with58 neutrons and by the fact, that 
Cd’® (N=58) is more abundant (1,215%) than 
Cd'°8(0.815%)1°. There are as yet no additional 
indications for the existence of the subshell Z,, = 46. 
Since the experimental data for plotting the curves per- 
taining to the subshell Z_=46 are very crude, its exis- 
tence is still doubtful. 

The shells and subshells are satisfactorily ex- 
plained by the scheme of the nucleonic levels under 
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Ps bby the assumption of the spin-orbit coupling. The sub- 
vey Oe shell Z_ = 24 is then explained as follows: the 


subshel 4 = 20 is closed by filling the 3d 
level, but since the levels 3d and 4f ae for 
| protons very close to each other, the appoeranes 
aie © 2 of four additional protons makes it convenient, from 
energy considerations, to let four other protons 
leave the level 3d and occupy the 4f, ,, level. 


oe o Additional protons fill up the 3d level once more. 
7 
ul " oA Sia This is confirmed by the equal ae of subshells 
consisting of 20 and 24 protons. The subshell 
bby hégy N _, = 08 is explained by the filling of the 58 7/9 
(Mev) (Mev) level, coming next after the 5g level (V =50). 
& 4 


The different subshells found’ kere for neutrons 
and protons indicate that the sequence of level fil- 
ling is different for the two types of particles. In 
y 2 the case of neutrons, the 4f_ ,, level is followed by 

SPs,» SP1),» aie and 58 9/5 while for 
protons the sequence is 3Ps),, 4fs), 321), 
and 5g, 9° 


“5 B YO 42 442 3 i 50 52 «SUN The previous confusion with regard to nuclides 
a a of higher stability in the region of Sr and Zr’ can 
Fig) 2.8 N=, BW 50, be removed here. The center of this region is formed 
pe Zn = 20,4 —Z= 38 by the nuclide Sr88 with double proton-neutron shell 


(Nn = 50, Z_ = 38). 


Mean Stability of Nuclear Shells and Subshells 


Neutron shells and subshells Proton shells and subshells 

. Even Number Even 

Number of Mean Maan ee 
neutrons VN, Stability ne of ee erie aaa ettihe 
forming the ee Z, for which ing the Ae N for which 
shell or (MeV) stability is | shell or (Mev) stability is 

subshell greatest subshell greatest 

7,4+0,4 8 8 3,8+0,2 8 

io 1,8+0.2 16 14 2,5+0,14 16 

20 2,0+0.1 20 20 1,8+0,2 oe 

28 2 .54-0,1 28 24 1,8-+0,2 2 

2 3,140.8 29 28 4,0+0,4 34 

34 434-052 28 3 2,0+0,2 Ss 

40 0,7-+0,2 Oye 38 2,340,3 oe 

50 4,940,4 4Q 46 1,6--0,9 06% 

58 1,8-+0.6 48 50 4,240,7 70 

64 0 ,6-+40,4 ey — — # 

a ee oe 82 >4,1 +0,4 126 

sa =a aa 88 0'470,05 130 

9.0 +0,1 82 92 0.3940, 05 
ED it eae ? 96 0, 45-40, 05 146 


Remark added during proof: A second study of the 
A fuller account of the results of the present curves e, =/(N)and e = f(Z) completed for 54 < Z < 66 


work will be published separately. 


resulted in the discovery of the neutron subshells = 16 
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with mean stability A, = 0.56 $0.16 mev and NV, = 


66 with Ae, =0.58 +0.30 mev and confirmed the exis- 
tence of the shell V,, = 82 with Re, = 3.42 +£1.50 mev. 


The following proton subshells were found or confirmed: 
Zm ie with Ae, = 0.92 £0.28 mev, 4m = 40 with 
Ae, = 1.54 +0,6 mev, Zm = 98 with A e, = 1.30 
+1.20 mev and 2, = 64 with Ae, = 0.36 £0.24 mev 


(newly discovered subshells are in boldface). The new 
subshells \,, = Z,, = 16 are excellently confirmed by 


the elevation of the first excited level of the even-even 


lal: 
nuclei 
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Estimate of the 7* — p Scattering Cross Section 
from the 7 — d Scattering Cross Section 
near Resonance 


Iu. A. GOL’F AND 
P. N. Lebedev Physical institute 
Academy of Sciences, USSR 
(Submitted to JETP editor August 2, 1955) 


J. Exptl. Theoret. Phys. (U.S.S.R.) 30, 413-414 
(February, 1956) 


PHASE analysis of experiments on the scatter- 


ing of pions by protons!-3 reveals a strong 


interaction in the pee state (p-state with total 


spin j = 3/2 and isotopic spin J =3/2. In connection 
with this we have undertaken a theoretical explanation 
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of 7 — p scattering based on a hypothesis regarding the 
resonance nature of the 7 — p interaction in the 


PGs state+»>, The thoeretical scattering curves 


obtained in this manner are in good agreement with 
experiment, so that the existence of the resonance 
as an important qualitative characteristic of the 
7 — p interaction is very probable. 

We shall consider a few quantitative conse- 
quences of resonance in the ee state. From the 
phase analysis the contribution a this state to 


the total 7° — p scattering cross section is 
out, = 8rk-?* sins, (1) 


where & is the momentum of the meson in the center 
of mass system and 6 is the scattering phase (in 
the system of units in which h=c =p= Tye AL 


é : 5 + 
resonance sin”6 = 1, k ~ 2.65, which gives o 
= 185 mb. Hence for the maximum of the total 
7* — p scattering cross section we obtain the esti- 
mate 


3/2 


Cha e: Catan = 185 mb. (2) 
The lower limit in (2) cannot be lowered essen- 
tially by increasing he since this would result in 
a contradiction with other experimental data. 
Hence, if it should be definitely established by 
experiment that 0, ,, < 185 mb this would be de- 


cisive evidence against the resonance nature of 
the 7 — p interaction, and in particular, against 
the isobar theory®. 

Unfortunately the available experimental data on 
Tas p scattering close to the cross section maxi- 


mum are not exact and are at times contradictory. 
In this connection great interest attaches to the 


extremely careful measurements reported in Ref. 6 


on the scattering of 7 - mesons by hydrogen and deu- 
terium in the energy range from 140 to 400 mev. 
From these data, by using the relationship 


Gt = 0 (ad) —«o (rp). (3) 


indirect information can be obtained about the mag- 
nitude of o , giving 0 = 152.4 +5.5 mb, that is, 
a value which is below the lower limit in Eq. (2). 
Since this result contradicts the ‘‘resonance’’ 
hypothesis it is necessary to investigate the error 
in Eq. (3). As will be shown, the actual value of 
go is somewhat higher than the value obtained 

from (3). 

In order to estimate the error in Eq. (3) it is, 
strictly speaking, necessary to solve the problem 
of meson scattering on the deuteron, which cannot 
be done for a number of reasons. It is only possible 
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to give a rough estimate of the following factors: 
(1) the effect of interference of the waves scattered 
by the proton and neutron; (2) an allowance for the 
internal motion of the nucleons in the deuteron. 

The interference effect was examined by Brueckner’ 
who showed that at scattering phases exceeding 
45° interference results in a decrease of the deu- 
teron cross section compared with the sum of the 
cross sections for free nucleons, with this decrease 
reaching 20% at 6 = 90°. Although this estimate 

is in our opinion somewhat too high there is no 
doubt that interference reduces a+. 

Consideration of the internal motion of the nu- 
cleons also lowers the value of o* obtained from 
the deuteron data by comparison with the scatter- 
ing cross section for free nucleons. In order to 
explain this qualitatively we shall assume that 
the nucleon is at rest in the laboratory system and 
that the energy of the incident meson is such that 
the total energy of the meson and nucleon in the 
C.m. system has the resonance value. If under 


these conditions the nucleon is in motion in the 
laboratory system the energy in the c.m. system 


ts shifted with respect to the resonance point and 
a smaller cross section results. As a qualitative 
estimate of this effect let us consider the scatter- 
ing-cross section of a 7 -meson on the neutron of 
the deuteron abstracting from the 7”— p interaction 
and interference. This will enable us to make a 
rough estimate of the effect in which we are inter- 
ested since, according to Eq. (3), only the difference 
of the cross sections is then important. 

In the impulse approximation the scattering cross 
section on a bound neutron is 


= “dp, 
o = \e0 (2)! ¥p(P)|*aP 


boun 


(4) 


where e—w-+£—M, and @ and E are the energies 
of the meson and neutron in the c.m. system; p is 
the momentum in the system in which the deuteron 
as a whole is at rest. We express in terms of the 
momentum of the incident meson k, ( the subscript 
l refers to quantities in the laboratory system): 


e = [M? + p22 (E.e, — pik) 65) 


— M = > — pyki/(e, + M), 


(e, is the value of ¢ at p, = 0; M and p are the 
nucleon and meson masses). Fora. we may take 
the value in (1) which is the main term at resonance. 
Removing the slowly varying function from under 

the integral sign we obtain o,, = 87k, ? sin% and, 


30] 


since at resonance sin? $ = 1, 


Se fers (6 
Oo, 89 =Sin® § = \ sin’ 8] ¥p (p) Pdp. 


In the vicinity of resonance sin? 8 = I2/[(e — A)?+ T°}. 


Substituting this quantity in (6) and taking (5) into 
consideration we obtain 


Thovnd; — (14) (BY F in 
Sp 3 M F mM’ 


= 2 
where &,. = \o I bp (p) Pap —_ is the average 


(7) 


kinetic energy of the deuteron. 


In order to estimate (7) we use the value for I" 
obtained from Ref. 5 and express all values in 
terms of the isobar excitation energy A which gives 


(+ A/M)yt Ey. 
‘: 3gt (Afue— 12 M 


Pbound , Ne 


(8) 


Using for our constants values which give good 
agreement with experiment? A = 2.1 We = Oe, 
and setting | Geena | = 0.02 we obtain o o 


Nes er! 0 
= 0.88, i.e., the cross section is reduced by approxi- 
mately 10%. 


Both of the effects which we have considered act 
in the same direction and, since there is no reason 
for assuming that there are other effects which 
could change the result qualitatively, we may con- 
clude that the data given in Ref. 6 do not contra- 
dict the hypothesis of the resonance character of 
pion-nucleon interaction. 


; E. Fermi, N. Metropolis and E.F. Alei, Phys. Rev. 
95, 1581 (1954). 


2 &. de Hoffman, N. Metropolis, E. F. Alei and H. 
Bethe, Phys. Rev. 95, 1586 (1954). 


3 R. L. Martin, Phys. Rev. 95, 1606 (1954). 
4k, A. Brueckner, Phys. Rev. 86, 106 (1952). 


; I. E. Tamm. Iu. A. Golfand and F. Ia. Fainberg, 
J. Exptl. Theoret. Phys. (U.S.S.R.) 26, 649 (1954). 


: A. E. Ignatenko, A. I. Mukhin, E. B. Ozerov and B. M. 
Pontecorvo, Dokl. Akad. Nauk SSSR 103, 209 (1955). 


q K. A. Bruekner, Phys. Rev. 89, 834 (1953); 90, 715 
(1953). 


T. A. Green, Phys. Rev. 90, 161 (1953). 


Translated by I. Emin 
74 


302 


Effect of Diffusion on the Kinetics 
of Crystallization 


E. A. ARENSTEIN 
Tomsk Engineering and Construction Institute 
(Submitted to JETP editor August 15, 1955) 
J. Exptl. Theoret. Phys. (U.S.S.R.) 30, 414-416 
(February, 1956) 


N the diffusion theory of crystal growth the 

only factor which is considered to influence the 
speed of growth is the speed of diffusion of the 
precipitating substance to the growing face of the 
crystal. The influence of the physical and chemi- 
cal properties of the surface is not taken into con- 
sideration, and the concentration of the solution 
near the growing face is taken to be equal to the 
saturation concentration. This theory explains 
a number of interesting phenomena’~4, but its 
starting point is in sharp contradiction with the 
Curie-Woolf principle and with a number of experi- 
mental facts - for instance with the finite speed 
of growth during the intensive mixing of the solu- 
tion®”®. 

The relative influence of diffusion and the physi- 
eal and chemical properties of the surface can be 
clarified by the example of the growth of the plane 
face. We exclude convection and mixing from our 
consideration. The problem reduces to solving 
the diffusion equation. 


a, (1) 


(where c(x, t) is the concentration, and D is the 
coefficient of diffusion) in the region x >0: t>0 
«for the initial and limiting conditions 
E(x, Oi Ce, OOo 1) eS, (2) 
and for the conditions on the face of the crystal 


determined by the physical and chemical processes 
of growth. Diffusion theory assumes the condition 


c(0, t)=cy, (3) 


where cy is the concentration of the saturated solu- 
tion. 

The speed of growth is determined by the nec- 
essity for the coexistance of condition (3) and the 
condition which expresses the law of conservation 
of matter on the face 


D(dc/0x),_. = 8V (2), (4) 


where 6 is the density of the crystal, and V(t) is 
the speed of growth. 
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When the properties of the surface are taken into 
consideration condition (3) must be replaced by a 
condition of the type ’*®: 


V (t) =k [e"(t, O)— cf (5) 


(where n is the order of the process and k the 
kinetic coefficient). This equation follows from 
the law of mass action, or from molecular and 
kinetic considerations. The speed of growth is 
determined by the necessity for the coexistence 
of (4) and (5). When the movement of the face is 
taken into consideration the problem is reduced 
to the former type by a substitution of variables, 
but in the second term of equation (1) there appears 
a factor (ep —c,,)/9* of the order of unity. p is 
the density of the solution, p* — the density of 
the clean solvent. We neglect this factor since it 
is unimportant. 

Equation (1) with conditions (2) and (3) has the 
solution 


C=O — Gn C0) CMe (2 V Dt), (6) 


where erfc (z)= pamedu. 


. From (4) we 


5) 
Tt 


N eC i) 


determine the speed of growth 
Vii) = V Dita 3 cays. (7) 


which, as usual, in diffusion theory does not de- 
pend on the properties of the face. 

Tet us discard condition (3), Equation (1) with 
conditions (2) and (4) has the solution 


fy es / 
C= by — ae V(r) emai) _ tt 
3 fea) 
x x2 é 
=, — = ee a 
° DVr Vins (! IDF )¢ a 
x/2V Dt 


The requirement that conditions (4) and (5) hold 
gives the equation for the speed of growth 


i“ 


F.quation (9) can be easily solved by expanding it 
in powers of Vi: 


V (t) = k(e%, — ct) (10) 
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It is obvious from the above that in the initial 
phase of the process diffusion plays a secondary 
role, but asymptotically, for large values of ¢, the 
speed of growth is determined exclusively by dif- 
fusion. Actually it is seen from Fq. (9) that when 
t—+co V=at—'!: ; a@ is determined by substitu- 
tion into (9), and we obtain the asymptotic speed 
of growth, which coincides with (7). 

Cur conclusions, as one can easily be con- 
vinced, are preserved for a different choice of 
conditions on the face, for instance, for a condi- 
tion of the type 


V tt) = k[e (0, t) ~c,]". (11) 
Equation (9) can be easily solved for the case 
of a process of the first order, n=1 . Dividing 
Eq. (9) for n=1 by V7}, , integrating with 


respect to ¢ from 0 to t*4, and changing the order 
of integration in the last term, we get the equation 


eet 
mah (C05) yi Ye ( V(t") dt’, 


0 
which has the following solution 


V (t) = B (Cy, — Cp) oF"! Pertc (k3 V t/D). (12) 
Using the asymptotic expansion 
cle) 

vere Migz 
we obtain the known expression for the asympto- 
tic behavior of the speed of growth and the cri- 
terion for the applicability of diffusion theory in 
the form 


1S 9) 


9 
eric (z) = ——— eo” >| 


R?82t/D > 1. (13) 
From F.q. (8) one can easily determine the thick- 
ness of the depleted zone: A=2V Dt Then 
criterion (13) assumes the form \k5A/D > 1. 
Diffusion is the dominating factor after the solu- 
tion is depleted in an adequately wide zone; how- 
ever, this factor is inhibiting. Vlixing and convec- 
tion reduce the influence of diffusion to zero, 
and the properties of the surface become of pri- 
mary importance. The role of he at-transfer during 
crystallization after smelting is considered in a 


similar way. 
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Relativistic Repulsion Effects in a Scalar 
Field and Attraction Effects in a Vector Field 
TA. P. TERLETSKII 
Institute of Nuclear Problems 
(Submitted to JETP editor November 10, 1955) 

J. Exptl. Theoret. Phys. (U.S.S.R.) 30 

419-420 (February, 1956) 


I N the recent times, it has been shown by a num- 
ber of authors?!-® that in the relativistic theory 
of a particle moving in a scalar field, the effect of 
relativistic repulsion takes place. For instance, 
in the case of a radial field with a purely attrac- 
tive potential this effect produces a repulsion in 
the neighborhood of the center. In quantum mech- 
anics this effect has been discovered and investi- 
gated by Kuni and Taksar?, in the case of a Dirac 
particle with spin. The effect of relativistic re- 
pulsion for a classical particle has been investi- 
gated most prominently by Werle”, Marks and 
Chamosi® and also by Infeld.4 Werle® considered 


also the case of a spinless quantum particle, sub- 
ject to the Klein-Gordon equation, in a scalar and 


a vector field, and showed that, in the non-relativ- 
istic approximation, some additional effective po- - 
tentials appear which can be considered as repul- 
sive potentials in the case of a scalar field, and 
as attractive potentials in the case of a static vec- 
tor field. It is easy to show, however, that the 
latter deduction can be made without making a non- 
relativistic approximation. Furthermore, for a 
spinless particle, the existence of relativistic 
effects--repulsive in a scalar field and attractive 
in a static vector field--can be deduced in a very 
convincing and clear manner. 

The Klein-Gordon equation for a spinless parti- 
cle in a scalar field with potential ®, and simul- 
taneously in a vector field with potential A, A, 
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has the form: 


(Beet gay © 


1 
=— — [me? + OP y. 


In the case of a static vector potential with com- 
ponents A=0, A,= U, assuming for the static case, 
as usual, y=uexp(-iEt/h) we get: 

V2u + Rc? [(E — U2? — (me? + &)2]}u=0. (2) 
The latter equation can easily be written in a 


form identical to the nonrelativistic stationary 
Schrédinger equation. Introducing the notation 


u'=(0+ ==, | +(= peels iy (3) 


— id = 
2mc? mc= 2mc2 


jee (E— me) (14 +), 


\ 2mc2 
Eq. (2) can be written in the form: 
— (kh? / 2m) V?u + [U' — Ej u=0. (4) 


In this manner, the eigenfunctions of the consi- 
dered problem may be found as eigenfunctions of an 


equivalent nonrelativistic problem with effective 
potential U’. In the case of a purely scalar field, 
i.e., for U=0, Eq. (4) is identical to the usual sta- 
tionary Schrédinger equation with a potential 
U’=®+®2/2mc?. Inthe case of a pure vector 
static field, i.e., for ®=0, Eq. (4) must be consi- 
dered as some generalization of the Schrodinger 
equation, as far as the parameter £ is involved in 
the expression of the effective potential U’= 
(EU-4U?)/me?, However, for each given value 
of FE, the function U’ can be considered as an ef- 
fective potential. It is with this potential, in par- 
ticular, that the definite solution of Eq. (2) with 
E=E,, is determined. 

One sees from the expression (3), that, in the 
case of a potential monotonically decreasing to- 
wards the center, i.e., in the case of an attractive 
potential @(r), the effective potential U(r) in- 
creases towards the center, i.e., becomes repul- 
sive for r<r,), where r, is determined by 
®=(r,)=-me?. In the case of a potential, mono- 
tonically increasing towards the center, i.e., in the 
case of a repulsive potential U(r), the effective 
potential U(r) becomes decreasing towards the 
center, i.e., becomes attractive for r<r,, where 
ris determined by U(r_) =E. However, for a 
repulsive potential ®(r) of a scalar field, the ef- 
fective potential is everywhere repulsive, and for 
an attractive potential U(r) of a vector field, the 


effective potential is everywhere attractive. 

The effect of relativistic repulsion in a scalar 
field has been satisfactory studied in the liter- 
ture.'~4 To take the simplest example of relativ- 
istic attraction effect in a repulsive vector field, 
let us consider the problem of the motion of a 
scalar particle in a static field with a potential 
which is a step function, high at the origin, i.e., 
a potential: 


tor F< To, (5) 


am U,>0. 


dm =0, TOs ie r>fo 


For the function x (r)=ru(r) in the state /=0, 
Eq. (2) takes the form 


(dy, / dr°) + hc [(E — U)? — mec] y = 0. (6) 

It is easy to see, that for sufficiently large 
values of U there exist solutions of (6) which are 
of the form 

Asinkyr for r<7ro, (7) 
: ae E 2 
yn fASber FSP 


h2 = (tc)? (E— U,,)? — mic] , ke = (he)? (n?c* — E*), 


From the continuity conditions on the function x 
and on its derivatives at r=r_ it follows that the 


coefficients ky and k. are subject to the relation- 


ship tanry k,;=-k,/k, . The eigenvalues E are 
determined from this equation. It is easy to see 
that it has solutions with eigenvalues E lying in 
the interval -mc? <E<me? for Ur E +me? 
(then ky_>0,%. > 0). 

The easiest way to convince oneself in the truth 
of the last statement is to take a constant F in the 
interval mentioned above ( for instance take E=0), 
and to vary U_ , i.e., take a constant k, and vary 


ence, for a purely repulsive potential (7) there 
are solutions of Eq. (2) for E < me”, which have the 


same form as the solutions of a nonrelativistic 
problem with an attractive step-function potential. 


However, in the case of a pure Coulomb repulsive 
potential U=e*/r, the relativistic attractive effect 
in a’vector field does not give rise to stable or 
metastable energy levels. Indeed, in this case, 
the maximum value of the effective potential is, 
according to (3): U’ =E?/2mce? and the mini- 


max 
mum possible value of F ‘for a particle localized in the 
region of “‘attraction’’ can be estimated, using the un- 
certainty relations, to be (fc / e)? 3 E® / 2me?, 
Then the ratio E’ / U’,4.~ 3 (he / c2)? = 3 (137)2, Le, the 
lowest level EF “lies much higher than U’_ 


. 
x 


LETTERS TO THE EDITOR 305 


It is clear that the relativistic attraction effect 


in a quasi-coulombic repulsive potential with po- 
tential g2 /r can give rise to metastable levels 


only if the constant g is more than 15 times larger 
than the elementary charge e. 

The calculations shown above confirm that in 
the relativistic quantum theory for a spinless 
particle in a scalar purely attractive field, appears 
a repulsion effect, and in a static vector, purely 
repulsive field, an attractive effect takes place. 


a E. Kunin and J. M. Taksar, Izv. Akad. Nauk SSSR 
8, 137 (1952). 


21a. Werle, Bull. Pol. Acad. Sci., Ser. Fiz. III 1, 281 
(1953). 


Ce Marks andhG@! (humoeit Rull.iPol«Aceds Sch; 
Ser. Fiz. III 2, 477 (1954). 


41. Infeld, Uspekhi Fiz. Nauk, 56, 646 (1955). 


5J. Werle, Nuovo Cimento 1, 536 (1955), 
SG. Gyorgyi, Acta. Phys. Hung. 5, 119 (1955). 


Translated by E. S. Troubetzkoy 
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The Kinetics of Paramagnetic Phenomena 
V. P. SILIN 
P. N. Lebedev Physical Institute 
Academy of Sciences, U.S.S.R. 
(Submitted to JETP editor November 23, 1955) 
J. Exptl. Theoret. Phys. (U.S.S.R.)30, 421-422 
(February, 1956) 


| hl the kinetic theory of electrons in metals, it 
usually suffices to limit oneself to the use of 
the distribution function f(p,r) which gives the 
number of electrons per cell of phase space. How- 
ever, for processes related to the change of spin 
states of the electrons, this appears to be insuf- 
ficient and one has to introduce the vector phase 
space magnetization density a(p, r), which is a 
generalization of the density matrix in the mixed 
representation for the case of a system of particles 
with spin % One can write the following equation* 
for ( p,r): 


Beard \e + o(e let?) 3 a) 


where 8/2 is the effective magnetic moment of the 
particle and J, and Jy are integral operators, tak- 


ing into account collisions without and with spin 
change, respectively. Usually the corresponding 
relaxation times Tand U satisfy the inequality 
U > 7, hence the introduced separation between 
the integral operators does not give rise to any 


problems. Note th at J, and Jy, generally speak- 
ing, depend on o as well as on f. We shall not 
write their exact expression. We can approximate 
Jy by: 

(2) 


Jy = U-1 (oa): 


where U is the spin relaxation time, and ane is 
the equilibrium value of the phase density of mag- 
netization, which differs from zero in the case of 
a permanent magnetic field. In general, one can- 
not use for J, an approximation similar to (2), 
because 


\ dp =i: (3) 


which is inconsistent with the equation analogous 
to (2). Equation (3) is an obvious consequence of 
the fact that a collision without spin change does 
not change the magnetization. 

Being interested in the equation for the space 
magnetization density M(r,t) we assume that 


> +. + foo es (4) 
o=o += M(r, t)F(p*)+2%, 
where 
. 2 (5) 
\ dpF (p*) = 1, | apd =0. 
Then, from (1), we get the following system of 
equations: 
OM i) Gh NS 
aro \ap (£ “or as (6) 
: { 
+ tH ]-— 7 (M—M,), 
F (p*) (= *) + Me(E ae)F ‘) 
ie Che \ Op 
Oe eee 
re Fewer ey on 
<a Hy DORN ee [pxH] 9 )\3 
P\ap(2- SJE) +e(EFPRE, 23 


to get the equation for M it is sufficient, with the 
help of (7) to express Lin terms of M. This is not 
difficult to do in the case = <<¢ i.e., when the part 
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of the phase magnetization density, which is assyme- 
tric in p-space is small: In first approximation 
equation (7) can be written in the following form: 


(8) 
rey (2 se) M 


The form of the right hand side of (8) is possible 
because of the linearization of the integral J_. 

The approximations made to get (8) from (7) are in 
any case legitimate if J,(2) is much larger than all 
the other members containing = in the left hand 

side of (7). This condition is realized in the re- 
gion of small deviations from homogeneity, of 

small frequencies and weak fields. Furthermore, 

it is assumed that La % VI): Thetlatter 
condition is satisfied in spite of the inequality 

7 >>, because J_ ( og) is a quantity assymetric 
1n momentum space. 

The solution of (8) can be written in the form 
aM, (9) 
co Pan) on F Bi ME, + Y4 My: 

where «, 8 and y are tensors depending only on 
the vector p. Neglecting terms of the form 
E,OM;/90r,, we get the following equation for the 
space density of magnetizatiqn: 


OM; 
“Ot 


(10) 


-f k 
—c AM; Ca : Beene 


| 
= att Ma): 


Note that the approximation ees =3/ Twhich sat- 
isfies (3) because of the relation (5), gives the fol- 
lowing values for the coefficients c, andc,: 

P (1) 


\ ap We Oy Sony 


1 


o 


cy == 


For metallic electrons in a degenerate state, F 
differs from zero only for momenta lying on the 
Fermi surface, hence: 


2 


Cy = 1/3 (pofm)Pt (Po) = Vay A, 
where Vv, is the electron velocity on the Fermi 
surface, and A=v, t is the mean free path. In 
this case Eq. (10) takes the form 


oM 1 


Ot 3 


(12) 


v1 \AM 


ey eee 
= [MeH]=— = (M — Mo) 
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Equation (12) is an equation for the magnetiza- 
tion density discovered by Dyson” in his theory 
of electron diffusion in metals. 

To finish, let us study the limiting conditions 
for which one has to solve Eqs. (10) and (12). For 
this purpose, let us consider the limiting condi- 
tions for the phase magnetization density 0 . Let 
n be the normal,to the surface of the body. Denote 
o by a \!) for pn> 0 and by o \*) for pn< 0. The 
conservation law of the magnetic moment of the 
particle during the collision with the surface can 
then be written in the form 


(13) 


o) (—pnz 0) =o") (pn; 0). 


Here, the zero value of the argument corresponds 
to a magnetization of the surface of the body. 
From condition (13) it follows that 


\ dp (pn)o(p, 0) =0. (14) 
In particular, for the linear approximation of 
eS) mentioned above, the relation (14) gives 
(n grad) M=0 which corresponds to the limiting 
condition used by Dyson” when he neglected the 
surface relaxation. 


*For sake of simplicity, we shall assume a quadratic 
dependence of the kinetic energy on the momentum. Gen- 
eralization to any case is evident. The derivation of 
equation (1) is absolutely identical to the derivation of 
the equation for the quantum distribution function-the 
density matrix in the mixed representation (see for in- 
stance Ref. 1) 

** When & is neglected, Eq. (6) becomes the well known 
Bloch? equation for T, =7, =U. 

1}. E. Moyal, Proc. Cambr. Phil. Soc. 49, 99 (1949); 
Iu. L. Klimontovich and V. P. Silin, J. Exptl. Theoret. 
Phiys..(U,S.S:R-) 23,151 (1052). 

2F. J. Dyson, Phys. Rev. 98, 349 (1955). 

3%, Bloch, Phys. Rev. 70, 460 (1946). 


E. S. Troubetzkoy 
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The Conservation of Isotopic Spin and 
the Scattering of Antinucleons by Nucleons 
I. [A. POMER ANCHUK 
Academy of Sciences, USSR 
(Submitted to JETP editor, November 26, 1955) 

J. Exptl. Theoret. Phys. (U.S.S.R.) 30 
423, (February, 1956) 

N recent times, evidence for the conservation 
of isotopic spin in the interaction of nucleons 

with nucleons has been obtained. With the dis- 
covery of the antiproton? , it becomes expedient to 
determine the consequences of the conservation of 
isotopic spin in the interaction of nucleons with 
antinucleons In particular, such calculations can 
enable us to check the hypothesis itself of the 
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conservation of isotopic spin in the interaction of 
nucleons (neutrons n, protons p) and antinucleons 
(antiprotons p, antineutrons 7 ). [et us consider 
collisions in which mesons do not occur: 


1) pt p—+>p-+p (elastic scattering of antiprotons by 


protons) 


2) p+n—>p+n (elastic scattering of antiprotons by 
neutrons) 


=> = < ! . 
3) p+ p—>n--1n(conversionof a proton and antiproton 


into a neutron and antineutron) 


4) n4-n-+n--n (elastic Scattering of antineutrons by 


neutrons) 


a4 ay ar eee ‘ 
0) 2-- p—>n-+ p (elastic scattering of antineutrons by 
protons) 


6) n+n—>p-+ P (conversion of an antineutron and 
neutron into an antiproton and 
proton). 


From charge symmetry, if we neglect electro- 
magnetic forces: 


Thus only processes ] ,2and 3 need be considered. 
Keep in mind, that all the particles entering 

into the reactions have isotopic spin 7’ =’ and the 

following isotopic spin projections, 7’, : 


p n Dp n 


Mo =f —t} Me 


2 
The nucleon-antinucleon system has, in general, 
two isotopic states: 7=] and /’=0. If we de- 
note the scattering amplitudes in these states 
respectively by f and g, then it is easy to see that 
the differential cross sections of reactions 1-3 
are expressed in terms of f and g as follows: 


3 =. 1f + ¢\* S=(fP; c=IAbf—egl. 

Note that f and g are complex functions of the 
initial and final momenta of the particles and 
their spins. Thus the three cross sections are 
expressed in terms of three independent quanti- 
ties: the moduli of the amplitudes, | f| and | g |, 
and their relative phase. It follows from this, that, 
in general, there are no equations linking these 
cross sections. 

However, in the scattering of antinucleons by 
nucleons at high energies, one can consider that 
| f-g|<<|f|. This has to do with the fact that 
a. is the cross section of a peculiar inelastic 
process ( double ‘‘ overcharging’’). Such an 
‘*inelastic’’ process must have a significantly 
smaller probability than that of ‘‘genuine”’ inelas- 


tic processes. Considering nucleons and anti- 
nucleons as “‘gray’’ bodies ( in particular cases 
they will be black bodies ) of radius p~ 107}? em, 
one gets an elastic cross section ( mainly of a 
diffraction type) of the order of the inelastic (i.e., 


of the order of the annihilation cross section). 
Therefore, from the fact that the process 

p tp ~n +n embraces a small portion of all the 
inelastic processes, it follows that its cross sec- 
tion is small compared to the elastic scattering 
p tp~p tp (p tn-—p +n), but this means that 
the inequality | f-g| <<|f| is satisfied. 

On the basis of this result, we obtaing, =o, , 
1.e., the differential cross sections of the elastic 
scattering of antiprotons by protons and by neu- 
trons are equal. Applying this to the forward 
direction, 0°, and recalling the connection be- 
tween the imaginary part of the scattering ampli- 
tude and the total cross section o, , we and 


6,(p + p) =o, (p +n). 


Together with the equality of the elastic cross 
sections, this means that the total annihilation 
cross sections for the collision of high energy 
antiprotons ( antineutrons) with protons and with 
neutrons are equal. 

In conclusion, I thank L. D. Landau for an 
interesting discussion. 


Translated by M. Rosen 
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The Conservation of |sotopic Spin and the 
Cross Section of the Interaction of High-Energy 
7-Mesons and Nucleons with Nucleons 

L. B. Okun’ AnD I. JA. POMER ANCHUK 
Academy of Sciences, USSR 
(Submitted to JETP editor, November 26, 1955) 
J. Exptl. Theoret. Phys. (U.S.S.R.) 30 
424 ( February, 1956) 


N reference 1, the consequences ot the conser- 

vation of isotopic spin in the scattering of anti- 
nucleons by nucleons were considered. The fact 
was used that the charge exchange cross section 
for the collision of antinucleons with nucleons is 
much less than the cross section for the other 
inelastic processes. For the scattering of 7-mesons 


and nucleons, there are analogous results, justi- 
fied at least for those energies at which inelastic 
reactions ( creation of mesons) occur with high 
probability. 

In the scattering of protons, the following reac- 
tions are possible: 
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1) p+ p—>p+p (elastic scattering of protons by 
protons) 

2) p-+-n->p-+n_ elastic scattering of protons by 
neutrons) 


3) p-+n—>n- p ( exchange scattering of protons by 


neutrons). 


The neutron scattering reactions can be written 
analogously. 

The differential cross sections of these reactions 
can be written in terms of the scattering ampli- 
tudes of the states with 7=] and TJ =0, as follows: 


Cp Fl, Salada 2 lon, Oy ty) fiw 2 

It is known that at low energies(~10° ev) |f|>|g|, 
which leads, in particular, to a significant ex- 
change scattering cross section at these energies 
(o,~o,). At high energies (< 10° ev) exchange 
scattering p +n ~n +p constitutes a small part of 
all the inelastic processes, so that, at such ener- 
gies, 7-meson creation reaction processes occur 
with high probability. In these circumstances, 
the total cross sections of the elastic and the in- 
elastic processes are approximately equal; this 
is connected with the fact that we are dealing with 
scattering from ‘‘ gray’’, *‘ semi-transparent”’ 
bodies, where, within very wide limits of variation 
of opacity, elastic scattering has, in the main, a 
diffraction character. Therefore, the cross sec- 
tion g, must be small as compared with a, and 


o,- From this we find that | f-g SOUS isei.es: 


01 = 09; 63 = 0. 


Using the connection between the elastic and the 
total cross sections, we find that the total cross 


sections for the scattering of protons and neutrons 
from protons ( neutrons) are equal to each other: 


0, (p + 1) = 0;,(p + p). 


This also implies the equality of the corresponding 
inelastic cross sections. 

In an analogous manner, one can also consider 
the scattering of high energy 7-mesons by nucleons. 
The following elastic scattering and charge ex- 


change reactions for 7-mesons on protons are 
possible: 


1) nt +- p—>nt + p; 
ee) 9 chee ares Te, 
3) hoo pS =i, 
4) n- + p> +p; 


Oe pre, 


The reactions with neutrons can be written analo- 
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gously. All these reactions go through channels 
with isotopic spin 7 =3/2 or T=1/2. Their dif- 
ferential cross sections, expressed in terms of 


f and g, corresponding to T= 3/2 and T =1/2, are: 


=F '; Cy == olay deel 


o3= 6,="/)|f—es 


on = Mg|f+2g[?. 


It is known that at low energies (~108 ev) the 
scattering cross sections for 7 - and 7* -mesons 
on protons are substantially different. 

At high energies (> 10° ev) the charge exchange 
cross section of 7” +p ~7 ° +n must be small 
compared to the total cross section of the inelas- 
tic processes, and, therefore, as compared with 
the cross section of the elastic processes. As 
in the scattering of nucleons, this is connected 
with the fact that, at these energies, inelastic 
processes occur intensively, and we are dealing 
with scattering from a very ‘‘ gray’’ body, where 
elastic scattering has, in the main, a diffraction 
character and is equal to the inelastic in order of 
magnitude. From this it follows that |f-g| << |, 
i.e., f=g. Therefore:2 


0) = 6, =o, = | f | 2; o3 =o; = 0. 


Thus, at high energies, the differential cross 
sections for the elastic scattering of 7+ -, 77 


. 

m™ -mesons from protons (neutrons) are equal to 
each other. Considering the forward direction, 0°, 
we obtain for the total cross section: 


O, (mt + p) = 6, (n- + p) = 6, (n° + p). 


This also implies that the corresponding total in- 
elastic cross sections are equal to each other. 


Tatas Pomeranchuk, J. Exptl. Theoret. Phys.(U.S.S.R.) 
30, 424 (1956); Soviet Phys. 3, 395 (1956). 


2 
K. M. Watson, Phys. Rev. 85, 852, (1952). 


Translated by M. Rosen 
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